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Abstracts

Abstracts
The emerging global energy shortage and climate change has been a critical issue in recent
years. More effective power generation with clean energy sources are in strong demand
especially for large-scale energy storage systems. Currently, lithium-ion batteries (LIBs) have
been widely used as power sources for electronic devices and vehicles. Since the volume of
energy storage system is restrictedly limited in most portable devices and electric vehicles,
the energy density is a decisive factor when making the whole systems. One effective way to
increase the energy density is to pursue electrodes that can work at high potentials. High
voltage (5 V–class) spinel LiCr0.2Ni0.4Mn1.4O4 is one of the most promising cathode materials
to meet the energy requirements of lithium-ion batteries for electric vehicles and hybrid
electric vehicles. For the mass production of this material (1 kg or higher), different synthesis
routes will lead to different electrochemical performances, even with similar morphology and
similar crystal structure obtained from laboratory X-ray diffraction, and the reason for this
issue is still not clear. Taking advantage of the high-resolution X-ray beam in synchrotron Xray diffraction, various phase composition as well as the generated impurities, rather than the
particle distribution, are likely to be the main reasons for the detected electrochemical
variations. A higher amount of impurities will result in greater charge transfer resistance,
inferior cycling stability, and more oxygen/lithium vacancies. Therefore, it is very important
to obtain a deeper understanding with the help of higher-resolution X-rays and to provide
better guidance for mass production of this cathode material for practical applications.
The rechargeable sodium-ion batteries (SIBs) have attracted a great many studies due to the
unlimited sources of sodium in the ocean. And the development of electrodes materials and
electrolytes of SIBs are very important to better smoothly integrating the renewable resources
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over large-scale energy storage systems. Selecting appropriate electrodes with low cost,
satisfactory electrochemical performance, and high reliability is the key point to build
satisfactory SIBs. The earth abundant metal-based compounds are ideal candidates for
reducing the prices of electrodes with more potential practical in SIBs. Due to their improved
safety, polyanion framework compounds recently gained attention as potential candidates.
With the earth-abundant element Fe being the redox centre, the uniform carbon coated
Na3.32Fe2.34(P2O7)2/C composite represents a promising alternative for sodium ion batteries.
The electrochemical results show that the as-prepared Na3.32Fe2.34(P2O7)2/C composite can
deliver capacity of ~100 mAh g-1 at 0.1 C (1 C= 120 mA g-1), with capacity retention of 92.3%
at 0.5 C after 300 cycles. After adding fluoroethylene carbonate additive to the electrolyte,
89.6% of initial capacity was maintained, even after 1100 cycles at 5 C. The electrochemical
mechanism was systematically investigated via both in-situ synchrotron X-ray diffraction and
the Density Functional Theory calculations. The results show that the sodiation and
desodiation are one-phase transition processes with two one-dimensional sodium paths,
which would facilitate fast ionic diffusion. Small volume change, nearly 100% first cycle
coulombic efficiency, and a pseudocapacitance contribution were also demonstrated. Our
research indicates that this new compound would be a potential competitor for other ironbased cathode electrodes for application in large-scale Na rechargeable batteries.
The cathode materials in the Na-ion battery system have always been the key issue
obstructing wider application because of their relatively low specific capacity and low energy
density. A graphene oxide (GO) wrapped composite, Na2Fe2(SO4)3@C@GO was fabricated,
via a simple freeze-drying method. With the earth-abundant element Fe being the redox
center in the alluaudite-type framework, the as-prepared material can deliver a 3.8 V platform
with discharge capacity of 107.9 mAh g-1 at 0.1 C (1 C= 120 mA g-1), as well as offering
capacity retention above 90 % at discharge rate of 0.2 C after 300 cycles. The well2
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constructed carbon network provides fast electron transfer rates, and thus, higher power
density also can be achieved (75.1 mAh g-1 at 10 C). The interface contribution of GO and
Na2Fe2(SO4)3 was recognized and studied via density function theory (DFT) calculation. We
also investigated the Na storage mechanism through in-situ synchrotron X-ray diffraction,
and pseudocapacitance contributions were also demonstrated. The diffusion coefficient of
Na+ ions was around 10-12 to 10-10.8 cm2 s-1 during cycling. The higher working voltage of this
composite is mainly ascribed to the larger electronegativity of the element S compared to the
element P in the polyanionic-based cathode materials. Our research indicates that this wellconstructed composite would be a competitive candidate as a cathode material for SIBs.
The development of low-cost and long-lasting cathode materials for the sodium ion battery
have always been the key issue for the success of large-scale energy storage systems in the
commercial market. The utilization of earth-abundant elements such as iron can greatly
reduce the manufacturing costs, offering strong and broad application prospects. Besides, the
all-climate performance is strongly required since the energy storage systems should be able
to work at a wide range of atmospheric temperature. Here, we successfully synthesized a
newly recognized NASICON-type tuneable Na4Fe3(PO4)2P2O7/C nanocomposite via a facile
one-step sol-gel method, and it showed both excellent rate performance and outstanding
cycling stability over more than 4400 cycles. Its air stability and all-climate properties were
carefully investigated, and its potential as the sodium host in full cells has been studied. Both
in-situ synchrotron-based X-ray diffraction and in-situ X-ray absorption spectroscopy were
carried out to determine its structural reversibility and detailed valence variations.
Remarkable low 4.0 % volume change during cycling was observed. Its high sodium
diffusion coefficients were observed and analysed in detail via first-principles studies, and its
three-dimensional diffusion pathways were clearly identified regarding the sodium super
ionic conductor (NASICON). Our research indicates that this low-cost and environmentally
3
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friendly Na4Fe3(PO4)2P2O7/C nanocomposite would be a very competitive candidate as a
cathode material for Na-ion batteries.
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Figure 2.18. (a) Schematic illustration of the structural evolution of HQ-NaFe;
Charge/discharge profiles of (b) HQ-NaFe (left) and LQ-NaFe (right), SEM images are
shown in the insets. (c) Schematic illustration of the synthesis and the discharge mechanism
(left) and the cycling performance (right) of Na1.58Fe[Fe(CN)6]0.92 nanospheres, with a TEM
image shown in the inset. (d) Schematic diagram of the synthetic route (left) and the cycling
performance (right) of dual-textured PB nanocubes, with a TEM image shown in the inset.
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Figure 2.19 SEM image with enlargement shown in inset (a), charge/discharge profiles at the
0.2 C rate (b) and rate performance (c) of FeFe(CN)6/carbon cloth nanocomposite. SEM
image of PB/CNT (d) and charge/discharge profiles at different temperatures (e) and for
selected cycles at -25℃ (f) at 0.1 C. Charge/discharge profiles of bare PB and PB@C at 50
mA g-1 (g), capacity contributions of the FeLS(C) couple and FeHS(N) couple at different
current densities for PB@C (h), and density-of-state spectra of bare PB before and after Na+
insertion (i). Schematic illustration of crystal structure during Na+ insertion (N, blue; C, gray
and Na, purple) with inset SEM image (j), charge/discharge profiles at 50 mA g-1 (k), and rate
performance (l) of BR-FeHCF.
Figure 2.20. (a) Visualization of the different phases for Na1.32Mn[Fe(CN)6]0.83·zH2O by
VESTA; (b) galvanostatic cycles from the 2nd cycle in a synchrotron cell for sample I (left)
and sample II (right); (c) illustration of the Na de(in)sertion mechanism in NaxMn[Fe(CN)6]y.
Phases A, B, and C are illustrated in blue, green, and orange, respectively. (d) Schematic
illustration of the structural transition from the monoclinic phase to the rhombohedral phase
of NaxFeMn(CN)6; (e) convex hulls for the sodiation of NaxFeMn(CN)6 (left) and
NaxFeMn(CN)6·2H2O (right); and (f) comparison of volume change between theory (left) and
experiment (right) for dehydrated or hydrated NaxFeMn(CN)6.
Figure 2.21. (a) Schematic illustration of the structural evolution of NMHFC during the
cycling process (top), and cycling performances of NMHFC and NMHFC@PPy (bottom). (b)
Schematic illustration of structural evolution during Na+ extraction and insertion (top), and
ex-situ XRD patterns of the first cycle (bottom) for M-Na2-δMnHCF; and (c) schematic
illustration of structural evolution during Na+ extraction and insertion (top), and ex-situ XRD
patterns of the first cycle (bottom) of R-Na2-δMnHCF. (d) Rate performances of some
reported PB cathodes.
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Figure 3.1 Outline of the as-mentioned investigation process in the thesis.
Figure 3.2 The ball milling machine is the doctoral work.
Figure 3.3. Schematic illustration of Na half-cell assembly
Figure 4.1. Comparisons between laboratory XRD and synchrotron XRD of three asprepared samples, (a) NM-sp, (b) NM-cp, and (c) NM-sg. The inset pictures are the enlarged
patterns for d-space from 2.2 Å to 1.8 Å of NM-sp, NM-cp and NM-sg, respectively.
Figure 4.2 Rietveld refinement results using GSAS-II software of the synchrotron XRD data:
(a) NM-sp; (b) NM-cp; (c) NM-sg, respectively.
Figure 4.3. SEM images of three as-obtained samples: (a) NM-sp, (c) NM-cp, and (e) NM-sg.
X-ray photoelectron spectra (XPS) of Mn 2p3/2 with fitted curves for: (b) NM-sp, (d) NM-cp,
and (f) NM-sg.
Figure 4.4. X-ray photoelectron spectra (XPS, surface, Ni 2p3/2 (left) and Cr 2p3/2 (right)) of
the three as-obtained samples.
Figure 4.5. HRTEM images of (a) NM-sp and (b) NM-sg. The insets are the corresponding
SAED patterns of NM-sp and NM-sg in the [–1–12] zone and [11–2] zone, respectively. The
magnified images corresponding to the red dotted rectangular areas are displayed in (c) and
(d). The linear energy dispersive X-ray spectroscopy (EDX) of (e) NM-sp and (f) NM-sg
from the crystal surface to the bulk.
Figure 4.6. Scanning transmission electron microscopy (STEM, high-angle annular dark
field (HAADF)) image of sample NM-sp.
Figure 4.7. (a) Galvanostatic profiles of different discharge C-rates; (b) discharge–voltage
curves at different C-rates for NM-sp, NM-cp, and NM-sg; (c) dQ/dV plot for the 30th cycle
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at 1 C (inset: enlarged 4 V region ); and (d) EIS spectra of the three samples at discharge rate
of 1 C for the 30th cycle (inset: corre-sponding equivalent circuit diagram).
Figure 4.8. Cycling stability of three as-prepared electrodes at discharge rate of (a) 1 C and
(b) 10 C, respectively.
Figure 5.1 Crystal structure of Na3.32Fe2.34(P2O7)2 from the [100] axis.
Figure 5.2 Thermogravimetric analysis of as-prepared NFP and NFP/C samples.
Figure 5.3 (a) Cu Kα XRD patterns (λ= 1.5406 Å) from 15 ° - 55 ° (2θ degrees) for both
NFP and NFP/C. (b) Raman spectra of NFP and NFP/C, respectively. (c) The BET results of
both samples. (d) The particle size distribution of both NFP and NFP/C materials.
Figure 5.4. Rietveld refinement of synchrotron XRD patterns of a) NFP and d) NFP/C
materials (λ = 0.7741 Å). The blue symbols show the Bragg positions (JCPDS No. 83-0225).
Figure 5.5 (a) SEM image, (b) XPS spectrum of Fe 2p and (c) Mössbauer spectrum of NFP
material. (d) SEM image, (e) XPS spectrum of Fe 2p and (f) Mössbauer spectrum of NFP/C
material.
Figure 5.6. a) Rate performances of NFP and NFP/C. The inset in a) is a comparison of the
first cycle voltage profiles and the Coulombic efficiency of the two samples. b) Cycling
stability and corresponding Coulombic efficiency of both NFP and NFP/C electrodes at 0.5 C
(60 mA g-1) with 5% FEC additive in the electrolyte. The insets in b) are HRTEM images
taken after the 300th cycle for NFP (left) and NFP/C (right) electrodes. c) Voltage profiles at
different C-rates; d) Comparison of reversible capacity, energy density, and average voltage
platform (vs. Na+/Na) of several types of polyanionic-based cathode materials at 0.2 C. e) and
f) Schematic diagrams explaining the difference in the rate performances of NFP and NFP/C,
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respectively. g) High-rate long cycling stability test and corresponding Coulombic efficiency
of NFP/C electrodes at 5 C (0.6 A g-1) with/without 5% FEC additive in the electrolyte.
Figure 5.7 (a) and (b) the SAED images of the 300th cycle for NFP and NFP/C. (c) and (d)
discharge voltage profiles for selected cycles of NFP and NFP/C, respectively.
Figure 5.8 Specific-discharge voltage profiles of NFP/C electrode at different cycles for (a)
no FEC, and (b) with 5% FEC, respectively. EDS spectra from spot scans of electrodes (c)
with no FEC and (b) with 5% FEC. STEM-EDS mapping for the elements Na and F for
electrodes with (e) no FEC and (g) with 5% FEC, respectively. The acquisition time was 600
s. Images of electrodes after 1100 cycles for (f) no FEC and (h) with 5% FEC, respectively.
The insets are photographs of the corresponding separators (glass fiber).
Figure 5.9. a) In-situ synchrotron XRD patterns of (011) and (–101) reflections, with b)
corresponding initial cycle voltage curve. The wavelength was manually changed to 1.5406 Å
for better comparison. c-e) Corresponding HAADF images at different states of charge. f)
Changes in the lattice parameters a, b, and c; and g) changes in the unit cell volume.
Figure 5.10. a) Cyclic voltammogram with the capacitive contribution to the total current
shown via the shaded region (29.37 %). b) GITT curves of NFP/C material for the charge and
discharge process. The inset is the chemical diffusion coefficient of Na+ ions as a function of
voltage calculated from the GITT curve. c) Activation energy values based on DFT
calculations accompanied by d-f) schematic illustrations of two Na+ ion diffusion pathways in
triclinic P–1 phase Na3.32Fe2.34(P2O7)2/C material.
Figure 5.11 (a) CV curves of NFP at different scan rate after 300 cycles. (b) log (i) versus log
(v) plots at different redox states of the as-obtained NFP material. (c) Capacitive contribution
to the total current shown via the shaded region of NFP electrode (28.39 %).
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Figure 5.12 (a) Cyclic voltammograms of NFP/C electrode at different sweep rates. The inset
(top) is the diffusion coefficient of the Na+ ions and the inset (bottom) is the plot of v1/2s1/2
against peak current (mA). (b) log (i) versus log (v) plots at different redox states of the asobtained NFP/C material.
Figure 6.1. (a) Schematic illustration of the synthesis of NFS@C@GO sample. (b) Rietveld
refinement pattern of synchrotron powder X-ray diffraction results for NFS@C@GO.The
experimental data and calculated profiles are marked by small circles and the black line,
respectively. The theoretical Bragg positions are displayed with blue ticks below. The insets
are the corresponding schematic illustrations of the structure implied by the fitted results with
enlargements of the typical crystalline structure of a single unit.
Figure 6.2 Thermogravimetric (TG) analysis of both (a) NFS@C and (b) NFS@C@GO
samples, where the wrapped GO was estimated to be 2.16 % of the total weight. Also, above
385 ℃, both samples began to lose weight because of the natural properties of sulphates.
Thus, the sintering temperature was set at 350 ℃.
Figure 6.3. TEM images of (a) NFS@C and (b) NFS@C@GO samples. (c) and (d) HRTEM
images of NFS@C and NFS@C@GO samples, respectively. The insets are the
corresponding selected area electron diffraction (SAED) patterns. (e) and (f) STEM-EDS
mapping results showing the indicated elements for both the NFS@C and the NFS@C@GO
samples, respectively.
Figure 6.4 (a) Raman spectra of NFS@C and NFS@C@GO. (b) Atomic force microscope
(AFM) image of the NFS@C@GO sample with inset line profile.
Figure 6.5 X-ray photoelectron spectroscopy (XPS) results for the (a) NFS@C and (b)
NFS@C@GO samples.
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Figure 6.6 Fourier transform infrared spectrum (FT-IR) for both the NFS@C (a) and
NFS@C@GO (b) samples. The insets show the SO4 group structure.
Figure 6.7. The electrochemical profiles of both samples. (a) Rate capability (inset is the
initial and second charge-discharge curves of NFS@C@GO). (b) dQ/dV curves of first five
cycles (NFS@C@GO). (c) Comparison of the mid-range working voltage, the reversible
discharge capacity, and the integrated energy density of several recently reported
polyanionic-based cathode materials at 0.2 C. (d) Charge-discharge curves at different rates
for both samples. (e) Cycling stability of NFS@C@GO electrode up to 300 cycles (24 mA g1

) and 800 cycles (0.6 A g-1). (f) Discharge curves at different cycle numbers (24 mA g-1).

The inset is the mid-range working voltage retention within 300 cycles. (g) Galvanostatic
intermittent titration technique (GITT) curves of NFS@C@GO material for the charge and
discharge process. The inset is the chemical diffusion coefficient of Na+ ions as a function of
voltage calculated from the GITT curve (after 30 cycles, current density: 0.1 C, 12 mA g-1).
(h) CV curves of NFS@C@GO electrode at different scan rates. The inset contains the log (i)
versus log (v) plots at different redox states. (i) The calculated capacitance contribution
(shadowed) area for the CV curve of NFS@C@GO at the scan rate of 0.3 mV s-1.
Figure 6.8 (a) The galvanostatic charge/discharge curves of as-obtained NFS@C@GO
sample of first five cycles. (b) The subsequent four CV cycles curves of the NFS@C@GO
electrode after 300 cycles.
Figure 6.9 Morphology of cycled NFS@C@GO electrodes. SEM images of electrodes after
the (a) first charge and (d) first discharge. TEM images of electrodes after the (b) first charge
and (b) first discharge. SAED patterns of electrodes after the (c) first charge and (e) first
discharge.
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Figure 6.10 Voltage platforms of the Fe2+/Fe3+ redox couple with different elements in the
Fe-XO4 coordination based on the frontier orbital theory.
Figure 6.11 (a) and (b) TEM images of NFS@C@GO electrode after 800 cycles at different
magnifications. The insets are the corresponding SEM images and a photograph of the cycled
glass fibre separator. (c) SAED pattern of the electrode. (d) STEM-EDS mapping results for
selected elements of the electrode after 800 cycles.
Figure 6.12 (a) CV curves of NFS@C electrode at different scan rates. (b) log (i) versus log
(v) plots at different redox states. (c) The calculated capacitance contribution (shadowed) area
for the CV curve of NFS@C at the scan rate of 0.3 mV s-1.
Figure 6.13. In-situ synchrotron XRD patterns of pristine NFS@C@GO electrode for the
initial two cycles at current density of 50 mA g-1. (a) Individual reflections of the (020), (11–
1), (11–2), (22–2), and (33–1) peaks with the corresponding intensity range illustrations. (b)
In-situ synchrotron XRD patterns of the selected 2 theta degree ranges. (c) The corresponding
charging/ discharging voltages profiles. (d) Variation of lattice parameters a and b over the
first 2 cycles. (e) Variation of lattice parameter c. (f) Variation of the unit cell volume.
Figure 6.14 (a) Magnetization (M-H) curve of NFS@C@GO sample acquired at 300 K. (b)
Temperature dependence of magnetic susceptibility (M-T) (black line) of NFS@C@GO
powder in an applied field of 1000 Oe. The blue line is the inverse susceptibility of
NFS@C@GO and its fitted line (red dash-dot line).
Figure 6.15. (a) and (b) The bond-valence maps of the refined Na2Fe2(SO4)3 material from
[010] and [001] directions, respectively. The corresponding 2D slice data are displayed in (c)
and (d) with (010) plane and (001) plane. The isosurface value was set from 0.95 to 1.05
valence units of positive mode for the possible valence of Na in the system. (e) and (f) The
Bond-Valence electron voltage maps of the refined Na2Fe2(SO4)3 material from [010] and
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[100] directions, respectively. The corresponding 2D slice data are shown in (g) and (h) with
(001) reflection and (010) reflection. The isosurface value of was set at 0.3 eV above the
lowest energy point.
Figure 6.16. The schematic illustration of the coupling process between the Na2Fe2(SO4)3
and graphene oxide matrix based on the DFT study. The right image is the enlarged
illustration showing the detailed configurations between the interfaces.
Figure 7.1 Characterizations of as-prepared sample. Rietveld refinements of (a) NFPP-E.
Schematic representations of the refinement results are presented in the insets. (b) XPS
spectra of C 1s and corresponding deconvolution curves of both NFPP-E and NFPP-C
samples. (c) Raman spectra of both samples in the Raman shift range from 100 cm-1 to 1800
cm-1. (d) SEM images of NFPP-E and (e) Transmission electron microscope (TEM) image of
NFPP-E particles. (f) The Bright Field (BF) image of NFPP-E with carbon layers. (g)
HAADF image from aberration-corrected STEM and the crystal structure of NFPP-E viewed
from the [010] direction. The insets are the corresponding signal response along the selected
lines. (h) The corresponding SAED pattern of NFPP-E and (i) Atomic force microscopy
(AFM) test of NFPP-E nano-plate particles and their corresponding heights. (j) The STEMEDS mapping results with selected elements of NFPP-E.
Figure 7.2 Magnetization (M-H) curves of (a) NFPP-E and (c) NFPP-C samples at 300 K.
Temperature dependence of magnetic susceptibility (M-T) (black line) curves of (b) NFPP-E
and (d) NFPP-C in an applied field of 1000 Oe. The dashed blue line in (b) and the dashed
magenta line in (d) are the fitted inverse susceptibility results for NFPP-E and NFPP-C,
respectively.
Figure 7.3 Thermogravimetric (TG) analysis in air atmosphere of the (a) NFPP-E and (b)
NFPP-C samples, respectively.
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Figure 7.4 X-ray photoelectron spectroscopy (XPS) results on Fe for the (a) NFPP-E and (b)
NFPP-C samples.
Figure 7.5 Morphology characterizations of NFPP-C samples. (a) and (b) SEM images of
NFPP-C at different magnifications. Transmission electron microscope (TEM) image of (c) N
NFPP-C and (d) Bright Field (BF) image of NFPP-C with carbon layers., respectively.
HAADF image from aberration-corrected STEM and the crystal structure of (e) NFPP-E
viewed from the [010] direction. The insets are the corresponding signal response along the
selected lines. (f) SAED pattern of NFPP-E. (g) The STEM-EDS mapping results with
selected elements of NFPP-E.
Figure 7.6 Electrochemical profiles of both samples. (a) Rate capability of both samples
from 0.1 C to 20 C. The inset is the cycling stability at small current density (0.05 C). (b)
Cyclic voltammetry (CV) curves for the first 5 cycles of NFPP-E electrode (scan rate 0.05
mV s-1). (c) Charge-discharge curves at different rates for both samples. (d) Cycling stability
of NFPP-E electrodes over 250 cycles at 0.2 C and 430 cycles at 0.5 C. (e) Long-term cycling
stability (4400 cycles) at high rate (20 C) for both NFPP-E and NFPP-C electrodes. (f)
Galvanostatic intermittent titration technique (GITT) curves of NFPP-E material for both
charge and discharge processes. The inset is the chemical diffusion coefficient of Na+ ions as
a function of voltage calculated from the GITT profile (after 30 cycles, current density: 0.05
C). (g) The calculated capacitance contribution (shadowed area) for the CV curve of NFPP-E
at the scan rate of 0.3 mV s-1.
Figure 7.7 C-rate comparison of recently published iron-based polyanionic materials.
Figure 7.8 (a) CV curves of NFPP-C electrode for the first two cycles (scan rate 0.05 mV s-1).
EIS spectra of NFPP-E electrode (b) before cycling and (c) after the first cycle. The insets are
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the equivalent circuits used for interpreting the data. CPE: constant phase element, W:
Warburg impedance.
Figure 7.9 (a) Mid-working platform retention of NFPP-E electrode over 430 cycles at 0.5
Cs. (b) and (c) SEM images of NFPP-E after 4400 cycles. (d) and (e) SEM images of NFPPC after 4400 cycles.
Figure 7.10 TEM and HRTEM images of (a) and (b) NFPP-E electrode and (d) and (e)
NFPP-C electrode after 4400 cycles. The insets in (b) and (e) are images of the glass fiber
separators after disassembly. (c) and (f) present the corresponding SAED patterns of both
electrodes.
Figure 7.11 Air stability, low/high temperature performance and full cell performance. (a)
XRD comparison of NFPP-E powder in the fresh state and after exposure to air for three
months (Cu Kα radiation, λ = 1.5406 Å). (b) Fe 2p, C 1s, and P 2p XPS fitted spectra of
NFPP-E powder in the fresh state and after exposure to air for three months. (c) EIS spectra
of NFPP-E powder in the fresh state and after exposure to air for three months. (d) HRTEM
image of the powder after exposure to air for three months. The inset is the fast Fourier
transform (FFT) pattern of the marked area. (e) C-rate capability of NFPP-E electrodes: fresh,
exposed to air for three months, and fresh at both –20 ℃ and 50 ℃. (f) Cycling performances
of the four electrodes in (e). (g) Charge/discharge curves of polypyrrole (PPy)-coated Fe3O4
at various current densities. The insets are (top) SEM image of as-prepared Fe3O4
nanospheres and (bottom) the cycling performance. (h) Voltage profiles of the all-iron-based
Na4Fe3(PO4)2(P2O7)//Fe3O4 full cell for the first five cycles. (i) Cycling stability of the
Na4Fe3(PO4)2(P2O7)//Fe3O4 full cell. The specific capacities of the full cell were all based on
the anodes.
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Figure 7.12 (a) XRD pattern of PPy-coated Fe3O4 nanospheres. The blue vertical lines are
the Bragg positions extracted from Fe3O4 (PDF#88-0315). (b) and (c) SEM images, and (d)
and (e) TEM images of as-obtained PPy-coated Fe3O4 nanospheres.
Figure 7.13 Sodium-storage mechanism investigations. (a) In-situ synchrotron-based XRD
patterns and (b) corresponding charge-discharge curves of NFPP-E electrode during the first
cycle. (c) and (d) HRTEM images of fully charged and fully discharged NFPP-E electrodes.
(e) Lattice parameters variations of a, b, and c during the charge/discharge process. (f)
Volume change details during the charge/discharge process. (g) In-situ XANES spectra at the
Fe K-edge of NFPP-E electrode (2D contour plot) as a function of charge-discharge curve. (h)
Charge process and (i) discharge process of typical Fe K-edge XANES spectra. The insets in
(h) and (i) are the corresponding pre-edge spectra.
Figure 7.14 (a) and (b) Bond-valence maps of the Na4Fe3(PO4)2P2O7 material from the [010]
and [001] directions, respectively. (c) and (d) Bond-valence electron voltage maps of
Na4Fe3(PO4)2P2O7 material from the [010] and [001] directions, respectively.
Figure 7.15 2D slice images from different directions of the bond-valence electron voltage
map.
Figure 7.16 Crystal structure, Na+ ions diffusion paths, different types of Na+ ions in a single
unit, and corresponding migration energy barriers. (a), (c), and (d) Various crystal structural
images of Na4Fe3(PO4)2(P2O7) material with three different types of Na+ ions. (b) The
migration energy barriers within the same Na+ ion group. (e) The migration energy barriers
between different Na+ ion groups (equivalent to three dimensional diffusion pathways).
Figure 7.17 Arrhenius plots of the ionic conductivity of both Na3V2(PO4)3 and
Na4Fe3(PO4)2P2O7 materials.

24

List of Tables

List of Tables
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Chapter 1 Introduction
1.1 General background
The energy crisis has been a very important hot topic worldwide since the 20th century. The
basic reason for the greenhouse effect is greenhouse gas emissions (GHG), for instance, CO2
and CH4, which are largely generated by the combustion of fossil fuels for electric power,
heat, and transportation.1 At the same time, the fossil fuels are limited resources, the lack of
which will trigger the energy crisis in the near future. Therefore, finding sustainable energy
sources and improving the energy utilization rate are the most important tasks for researchers.
The harvesting of various forms of renewable energy, however, requires highly efficient
energy storage systems (ESSs) with sufficient capacity to shift the peaks and smooth the grid,
since most of the renewable energy sources (such as wind energy and solar energy) are
intermittent.2 In this scenario, it is generally agreed that the best ESS medium is the
secondary battery system due to the high flexibility and high energy conversion efficiency of
such batteries.3, 4
The lithium ion battery (LIB), as one of the most widely used kinds of secondary batteries,
has received tremendous attention and success in the commercial market in recent years due
to its long life span, high energy density, high efficiency, and environmental friendliness. The
LIB has been commonly applied in portable devices, electric vehicles (EVs), etc.5, 6 Very
recently, the requirement of longer driving distance for EVs has pointed to the great
importance of energy density in LIB systems. One of the most effective ways is to increase
the voltage platform of cathode materials. In addition, if the redox centre element is one of
the highly abundant elements such as Fe or Mn, the manufacturing cost can be further
reduced. For large-scale ESSs, the energy density is not as critical as for portable devices, and
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the high price of lithium has given rise to another big part of the overall cost. Sodium, as a
highly earth-abundant element, can ideally substitute for lithium as the positive charge carrier.
Moreover, sodium is located just below lithium in the periodic table, so that similar chemical
and physical properties can be obtained without changing many aspects. Sodium possesses a
slightly higher redox potential of -2.71 V vs. standard hydrogen electrode (SHE), while that
of lithium is -3.01 V. Although the energy density will inevitably be reduced because of the
higher SHE, considering the much cheaper price of sodium resources, they are still very
promising candidates for real application in large-scale ESSs.

1.2 Challenges for sodium-ion batteries
The room–temperature SIBs have a similar ‘rocking–chair’ working principle to that of LIBs.
The merits of low cost, high energy efficiency, and low maintenance cost enable the SIBs to
be highly competitive with other kinds of sodium–based batteries such as Na/S7-9 and
Na/NiCl2 batteries.10, 11 What is more, the feasibility of using Al current collectors on both the
positive and the negative sides further lowers the production cost, since Cu current collectors
are necessary for the graphite anode in LIBs.12 Typically speaking, the SIB full cell consists
of two insertion materials as electrodes on current collectors (one positive with a higher
voltage platform and the other negative with a lower voltage platform), a separator
(polyethylene, polypropylene, or glass fibre) and an electrolyte (normally a sodium salt
dissolved in an aprotic polar solvent).13, 14 Recently, an enormous amount of research papers
have been focused on the exploration of sodium storage mechanisms, morphology control,
structural designs, electrochemical performance improvement, etc., and many impressive and
encouraging works continuously stand out.15, 16 The majority of these research outcomes are
uneconomic, however, with many kinds of toxic side reactions or by–products, and concerns
related to safety issues, stability and lifespan still exist.10 Taking account of the practical
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commercialization of SIBs, the non–toxic, earth-abundant elements shall first be considered
for assembling the full SIBs.
Iron is one of the rock-forming elements, extremely widely distributed in the earth’s crust,
and has been used for weapons since the dawn of human civilization. It is also an essential
and critical element in human bodies because haemoglobin needs iron to store oxygen and
deliver oxygen from the lungs to the remote body parts. Iron products can be seen
everywhere in our daily life, and it is the cheapest transition metal without toxicity. The
participation of iron will definitely reduce the cost for manufacturing SIB cathodes. Over the
last two years, an increasing number of novel Fe–based or Fe–containing cathodes allowing
wide utilization of the Fe2+/Fe3+ redox couple, as well as more possibilities for other
calculated frameworks, have been demonstrating the importance of iron for low-cost SIBs.17,
18

Iron incorporated into layered structures can offer higher operating potential by means of

its activated Fe3+/Fe4+ redox couple.19 These unique characteristics of iron-containing
cathodes will surely promote low-cost and long-life room-temperature SIB applications for
large-scale energy storage devices.20

1.3 The goals of this work
In this doctoral work, one of the main goals is provide a better understanding of high-voltage
cathodes for high-energy-density lithium-ion batteries. Since the same morphologies can be
obtained with different synthesis methods, the variations in their electrochemical
performance can be systematically investigated. Another goal is to explore the Fe-based
polyanionic materials to achieve a lower overall cost for sodium-ion batteries with improved
electrochemical properties as well as a greater understanding of them via advanced
techniques, such as in-situ X-ray diffraction (XRD), ex-situ transmission electron microscopy
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(TEM) and scanning TEM (STEM), density functional theory (DFT) studies, and in-situ Xray absorption spectroscopy (XAS).

1.4 Outline of thesis
The scope of this doctoral work is concisely summarized below:
Chapter 1 briefly illustrates the general background, main obstacles, and some strategies for
lithium-/sodium-ion batteries with a lower overall cost.
Chapter 2 provides a literature review on high voltage cathodes for LIBs and Fe-based
electrodes, consisting of basic concepts and working principles, electrodes, and electrolytes.
Chapter 3 presents the experimental procedures, characterization methods, and principles
used in this thesis, including the details of chemical reagents, synthesis procedures, physical
and chemical characterization techniques, electrochemical properties, reaction mechanisms,
and theoretical calculations.
Chapter 4 presents, with the help of high-resolution synchrotron XRD, how the three most
widely used methods in industry (spray pyrolysis, co-precipitation, and sol-gel) influence the
atomic arrays in crystals and generate impurities, which may lead to different crystal
structures as well as different electrochemical performances.
Chapter 5 discusses the synthesis of uniform carbon-coated Na3.32Fe2.34(P2O7)2 nanoparticles
with satisfactory high-rate capacity and long cycling stability. DFT and first-principles
calculations

were

performed

to

investigate

the

sodium

diffusion

pathways

in

Na3.32Fe2.34(P2O7)2, and they revealed that sodium ions diffuse via two one-dimensional (1D)
pathways. In-situ synchrotron X-ray diffraction (XRD) revealed that there was one phase
transition process during charge and discharge, which was accompanied by the reversible
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variation of lattice parameters. The results indicated that this iron-based pyrophosphate
Na3.32Fe2.34(P2O7)2/C material is a promising cathode candidate for SIBs.
Chapter 6 further improves the electrochemical performance of Na2Fe2(SO4)3 material by a
facile and novel synthesis of Na2Fe2(SO4)3@C@GO composite, with a well-designed carbon
coating and graphene oxide (GO) matrix. The micro-/nanosized particles are closely wrapped
by one or several layers of GO, which will provide facile and rapid electron transport, while
the stable alluaudite-type Na2Fe2(SO4)3 offers relatively high ion diffusion capability. The
resulting electrochemical properties were greatly improved, with discharge capacity of 107.9
mAh g-1 at 0.1 C (1 C = 120 mA g-1) and capacity retention above 90 % at the discharge rate
of 0.2 C after 300 cycles. Higher power density also can be achieved (75.1 mAh g-1 at 10 C).
The Na storage mechanism was investigated through in-situ synchrotron X-ray diffraction
(XRD) during the first and second cycles, and pseudocapacitance contributions as well as
bond-valence mapping results are also demonstrated.
Chapter 7 comprehensively investigates the newly recognized sodium superionic conductor
(NASICON)-type Na4Fe3(PO4)2P2O7, a low-cost cathode material with favourable Na storage
properties, to demonstrate fast and stable electrochemical properties under all climate
conditions. It consists of tuneable carbon coated nanoparticles to form a robust composite
material without losing its crystallinity. The uniformly carbon coated nanosized particles can
provide facile and rapid electron transport along with high ion diffusion capability. Excellent
rate performances were achieved, and impressive cycling stability was obtained at both room
temperature and low/high temperature (–20 ℃/50℃). In addition, this material is very stable
in air, even after exposure for three months, and Fe-based full SIB configurations are
demonstrated using Fe3O4 nanospheres as anode. In-situ synchrotron X-ray diffraction (XRD)
and in-situ X-ray absorption near-edge structure (XANES) analyses further revealed the
outstanding reversibility of Na4Fe3(PO4)2P2O7 in detail. We also employed density functional
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theory (DFT) studies as well as bond valence sum (BVS) calculations to examine the details
of each possible sodium diffusion pathway.
Chapter 8 summarizes the overall doctoral work and offer further perspectives on highvoltage materials for LIBs and low cost Fe-based polyanionic materials for SIBs.
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2.1 Development history of the lithium ion batteries and sodium ion batteries
Secondary lithium-ion batteries (LIB) first emerged as charge and electricity carriers for
energy storage and conversion in the 1970s. TiS2 was the first material reported to be
electrochemically active upon lithium insertion at room temperature with satisfactory
reversibility. Later in the 1980s, LiCoO2, with a layered structure, was investigated and
developed by Goodenough et al. as a cathode material for lithium storage, and it is still
widely commercialised in our daily life even now. At the same time, the sodium containing
layered oxides, NaxCoO2, were introduced as positive electrode materials for sodium ion
storage. After that, in the following 20 years, the research on room-temperature sodium-ion
batteries was almost suspended, since the lithium-ion batteries possessed higher energy
density and better electrochemical performance, together with relatively low priced lithium
resources.

Three

important

milestones

played

critical

roles

in

the

worldwide

commercialization of lithium-ion batteries: the discovery of LiCoO2 for the positive electrode
by Goodenough in 1980, the discovery of graphite anode by Rachid Yazami in 1982, and the
standard lithium ion battery prototype established by Asahi Chemical, Japan in the late 1980s.
Ever since, the research on lithium ion batteries has become a hot topic. Many other types of
electrodes were widely and systemically investigated, and the electrode family of lithium-ion
batteries has kept growing ever since. A comparison of lithium and sodium properties is
displayed in Table 2.1.
In 2000, investigations at room-temperature aroused the interest of researchers again. One of
the great milestones was the discovery of electrochemically active hard carbon, which can
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deliver specific capacity of nearly 300 mAh g-1, close to that for lithium insertion into
graphitic carbon. After that, NaFeO2 was found to be electrochemically active as positive
electrode in 2009, based on the redox couple of Fe3+/Fe4+. It is worth highlighting that the
Fe3+/Fe4+ couple is important for the high voltage platform that the layered oxides can offer
for high-energy and low-cost sodium-ion batteries. Since 2010, the total number of
researchers focusing on the sodium-ion batteries has been continuously increasing, owing to
the rapid consumption of lithium resources all over the world,21 while sodium is cheap and
available due to its abundant reserves both in the Earth’s crust and the ocean, and cheap Al
foil can be used as the current collector. (Expensive Cu foil is necessary for the anode current
collector of lithium-ion batteries). Also, the Na salts are slightly cheaper than Li salts in the
electrolyte.22 It has been calculated that the overall manufacturing costs of sodium-ion
batteries are at least 10 to 15 % less than those of lithium-ion batteries. If all the electrodes
are composed of elements that are highly abundant in the earth’s crust, such as Fe and Mn,
the overall expenditure can be even further reduced. Up to now, the total number of sodiumion batteries has been dramatically increasing. It can be seen that, at least for the next few
years, the research on sodium-ion batteries will remain a hot topic in the energy storage field.
Table 2.1 Comparison of lithium and sodium metals characteristics. Reproduced with
permission.3
Category

Lithium

Sodium

Atomic mass (g mol-1)

6.9

23

Ionic radius (Å)

0.76

1.02

Eθ (vs. SHE) / V

-3.04

-2.71

Melting point (°C)

180.5

97.7
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Capacity of metal electrode (mAh g-1)

3829

1165

Coordination preference

Octahedral and prismatic

Octahedral and tetrahedral

2.2 Concepts and working principles of lithium-ion batteries and sodium-ion
batteries

The configurations of lithium-ion batteries and sodium-ion batteries are very similar,
including the cathode material (positive electrode), anode material (negative electrode),
electrolyte with its lithium salt or sodium salt, and separator. The electrodes consist of active
materials, binder, and conducting carbon (such as carbon black). The term active material
means the actual material that can take part in chemical reactions in the electrode. Binder is
an organic material that can keep the current collector and electrode slurry in firm contact.
Currently, two kinds of binders are generally used – organic based binders and water based
binders, depending on which solvent is used.
(1) Organic-based binder, namely, polyvinylidene difluoride (PVDF), has wide anodiccathodic stability window at room temperature (0-5 V for lithium and 0-4.7 V for sodium). Its
solvent is N-methyl-2-pyrrolidone (NMP).
(2) Water-based binders, such as carboxymethyl cellulose (CMC) and poly(acrylic acid),
have lower costs and greater environmental friendliness.
The electrolyte is the medium for the alkali ion transportation between the anode and cathode
with the additional feature of electronic insulation. The selection of different kinds of
electrolyte for various conditions has a great influence on the electrochemical properties of
the battery.
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The separator acts as a barrier between the cathode and anode. It is an insulated and porous
polymer, or glass fibre, which allows the alkali ions to be freely transported from both sides.
It also plays an important role in the performance and safety of the whole battery.
The whole configuration of lithium ion batteries and sodium ion batteries is displayed in
Figure 2.1. When the cell is being charged, the extracted electrons from the anode will be
transferred to the cathode via the external circuit, while the alkali ions from cathode will be
transported to the anode via the electrolyte through the separator.

Figure 2.1 Illustration of the working principle of sodium ion battery.1

2.3 High-voltage cathode material of lithium-ion batteries
The rapidly increasing demand for advanced rechargeable lithium-ion batteries to be used in
both electric vehicles and portable electronic devices has boosted the intensive research on
them in recent years. Nowadays the higher level objectives for lithium-ion batteries are
focused on longer cycle life and smaller volumes for batteries with adequate energy, lower
price, and satisfactory power density. One available route to achieve high energy and power
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density is to increase the output voltage platform without losing high capacity. Thus, the
high-voltage cathode materials are the key requirements to achieve these demands. The
emerging high-voltage cathode materials are commonly composed of nickle-rich layered
oxides, lithium-rich layered oxides, spinel oxides, and some kinds of polyanionic compounds.
Figure 2.2 highlights the various aspects and limitations of these cathode materials. LiNi 1xMxO2

(M = Co, Mn, Al) compounds (nickle-rich layered oxides) are now under intensive

study at the industry level, and its goal of approaching 300 W h kg-1 was almost achieved
recently. High-voltage LiNi0.5Mn1.5O4 material can offer a very high voltage potential of ~
4.7 V, which holds great possibilities for high-power applications once the commercial
electrolyte can be stabilized at the 5.0 V level. The lithium-rich high-voltage materials are
very promising in terms of meeting the requirements of high energy density and high power
density at the same time, although voltage decay and capacity fading are still not well
addressed. The polyanionic-based high-voltage materials have good scientific significance,
but they are too far from practical utilization, since their capacities are limited due to their
high formula weight and rigorous synthetic conditions. Therefore, this review is mainly
focused on the high-voltage oxide cathode materials.
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Figure 2.2 Radar plots of different aspects of existing high-voltage cathode materials.23

2.3.1 Nickel-rich layered LiNi1-xMxO2
LiCoO2 material has dominated the lithium-ion market in terms of portable electronic devices.
Around half the theoretical capacity, ~ 145 mAh g-1, can be reversibly cycled without
activating O2(g) evolution. In order to increase the reversible capacity with less cobalt content,
substituting for cobalt with nickel and/or other cheap elements is a very good strategy. Thus
the derived LiNi1/3Co1/3Mn1/3O2, LiNi0.5Co0.2Mn0.3O2, and LiNi0.8Co0.15Al0.05O2 are more and
more widely used in electric vehicles. Very recently, layered oxides with high Ni content
have been under intensive study. With increasing content of Ni, the mid-working voltage is
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simultaneously increased and its theoretical capacity also can be improved. The cycling
stability will decrease gradually, however, with increased Ni content. The relationship
between Ni content and capacity retention is summarized in Figure 2.3a and b.

Figure 2.3 (a) Map of relationships between thermal stability, discharge capacity, and
capacity retention for the Li-Ni-Co-Mn-O system.24 (b) predicted stability for the ternary
solid solution.25
The greater available capacity of LiNiO2 (~ 240 mAh g-1) is more desirable than that of
LiCoO2 (~140 mAh g-1) due to the lesser overlap of the Ni 3d band with the O 2p band,
although the stability must be sacrificed for the higher capacity, since the less overlapping O
2p band is not stable at the end of the charge process. In addition, the ionic radii of Ni2+ and
Li+ are very similar, so a trend towards cation disorder is inevitable between the octahedral
Ni2+ sites and the tetrahedral Li+ sites. This phenomenon will cause lower rate capacity and a
loss of lithium from the crystal structure. In order to alleviate this problem, it is better to
substitute other transition metal elements, such as Co, Mn, Mg, and Ti, into Ni-based layered
oxides, which will minimize element segregation at the atomic level, although always at the
expense of reversible capacity.
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Researchers have done much meaningful work towards improving the cycling stability of the
high-voltage LiNi1-xMxO2 materials. At the end of the charge process, the highly oxidised
Ni4+ ions are very electrochemically active, and severe parasitic electrolyte oxidation and gas
emission will occur. A similar phenomenon has been observed in the highly delithiated state,
with a rock-salt (Fm-3m space group) impurity appearing at the particle surface. Therefore,
various approaches have been proposed to solve these problems with the strategies of surface
coating and bulk composition heterogeneity. The materials that can be effective for surface
coating include oxides (e.g. Al2O3, MgO, V2O5), phosphates (e.g. AlPO4), and other nonnickel electrochemically active oxides (e.g. LiMn2O4 and Li-rich oxides). These agents can
sufficiently suppress the residual Li species on the particle surface, leading to obvious
improvement in the cyclability (Figure 2.4).
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Figure 2.4 (a) High C-rate performance, voltage profiles, and cycling performance of
LiNi0.85Co0.05Mn0.1O2 material with long cycling stability.26 (b) Improved cyclability of Alcoated LiNi0.61Co0.12Mn0.27O2 material.27
Another effective method is to add some electrolyte additives and new bulk electrolyte
solvents. The most used additives are vinylene carbonate (VC), fluoroethylene carbonate
(FEC), and vinyl ethylene (VEC). These additives will decompose in an early stage of
cycling, forming a uniform solid-electrolyte interphase (SEI) thin film to protect against
parasitic reactions. Another issue is that the commonly used ethylene carbonate (EC) solvent
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has a fundamentally limit due to its low anodic stability. Fluorinated carbonates, sulfones,
and nitriles are considered to be the most promising substitutions, although they still face
problems such as poor reductive stability, high viscosity, and unstable SEI formation. More
relevant work is still required to optimise these electrolyte combinations.
2.3.2 High-voltage spinel LiNi0.5Mn1.5O4 material
4 V lithium manganese oxide spinel (LiMn2O4) has been successfully commercialized as
cathode in electric vehicles. In order to increase the energy density and power capabilities of
this kind of material, partially Ni substituted LiNi0.5Mn1.5O4 has attracted significant interest
among researchers worldwide.28 This LiNi0.5Mn1.5O4 spinel possesses a 4.7 V platform owing
to its Ni2+/N3+ and Ni3+/Ni4+ redox couples. Such a high voltage platform significantly
improves the total energy density as well as the power density with almost identical
achievable specific capacity. Generally speaking, this material can be crystallized into a
perfect ordered cubic symmetry with edge-sharing MO6 octahedra (M = Ni or Mn).29 At the
same time, if all the Ni2+ ions are located at 4a octahedral sites and surrounded by six nearest
octahedral 12d Mn4+ sites, the space group P4332 can be assigned. S disordered structure
(space group: Fd-3m) can also be obtained if the Ni2+ ions and Mn4+ ions are randomly
distributed along the 16d sites (as shown in Figure 2.5).30 In practice, both pace groups can be
obtained

under

various

synthetic

conditions,

ordering/randomness in Ni/Mn locations at the same time.
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Figure 2.5 Crystal structure of Ni/Mn (a) ordered and (b) disordered LiNi0.5Mn1.5O4
material.30
Nevertheless, despite the huge potential it has revealed, this spinel LiNi0.5Mn1.5O4 cathode
material still suffers from high-temperature degradation, site reactions at interfaces, rock-salt
secondary phase generation, etc. Many researchers have made tremendous efforts to
overcome these problems.
A follow-up annealing process at 700 °C has proven to be a necessary procedure for reducing
the content of rock-salt phases such as LixNi1-xO2. It was found that the nickel solubility
decreases at high temperature (900 °C), so the nickel ions tend to aggregate on the surfaces of
the particles. Some of the Mn4+ ions are also inevitably reducee to Mn3+ so as to maintain the
charge neutrality. In the surface regions (down to ~ 2 nm), there is also a high likelihood that
the transition metal (TM) ions will migrate into the tetrahedral Li sites, forming a Mn3O4-like
structure (Figure 2.6).
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Figure 2.6 (a) High angle annular dark field − scanning transmission electron microscope
(HAADF-STEM) image displaying the surface and subsurface regions, with (b) and (c)
enlarged HAADF-STEM images. (d) and (e) Line profiles corresponding to the blue lines in
(b) and (c). (f) Schematic illustration of migrations and corresponding constitutions of
pristine material, Mn3O4, and rock-salt phases within the first charge/discharge cycle.28
Once the Mn3O4-like and rock-salt-like impurities are generated in the first cycle, however,
the spinel structure is somehow stabilized, and long-term cycling stability can be achieved for
a few hundred cycles. Thus, the effort to suppress surface ion migration can be regarded as a
key requirement to further stabilize its structure and reduce the O2 evolution.

43

Chapter 2 Literature Review

Another bothersome issue is the Mn3+ content in the structure. It has been convincingly
established that the room-temperature intrinsic electrical conductivity of the disordered Fd3m phase is much higher than that of the ordered P4332 phase. The presence of Mn3+ is the
trigger for the disordered Fd-3m phase, and it can help to lower the energy barrier to Li+ ion
diffusion. Mn3+ is thermodynamically unstable (Jahn-Teller effect), and it is easily
transformed to Mn2+ and Mn4+, which will result in the dissolution of the pristine material
from the surface to the bulk.31 The surface ion migration seems inevitable for this type of
high-voltage cathode material for LIBs. We consider that appropriate surface modifications,
such as lateral concentration gradient, surface 3d element doping, and polyanion doping can
be regarded as effective approaches to stabilize its structure and reduce the O2 evolution.
2.3.3 Lithium-rich layered Li1+xM1-xO2 material
Besides the layered LiNi1-xMxO2 and spinel LiNi0.5Mn1.5O4, the lithium-rich layered oxides
(Li1+xM1-xO2, M = Mn and others) represent another very important family of high-voltage
cathode materials. It has received a great amount of attention with a tremendous number of
research papers published. The lithium-rich Li1+xM1-xO2 material has a reversible capacity of
around 250 mAh g-1 with a high voltage platform at ~ 3.6 V, which offers the highest
volumetric and specific capacities ever. Its drawbacks are also obvious, however: the
involvement of an oxygen reaction, leading to poor cycling stability and a gradual decline in
the working voltage. Another important disadvantage is its low rate capability because of its
unique structure and composition. These serious issues are even now still under massive
investigation towards its real applications.
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Figure 2.7 (a) Schematic illustration of lithium-rich Mn-based Li1+xM1-xO2 material. (b)
Corresponding charge/discharge curves of different degrees of Li2MnO3 incorporation.23
These lithium-rich layered Li1+xM1-xO2 materials constitute a unique complex system with a
quadruple structure-composition-morphology-property relationship (Figure 2.7). Recent
investigations have focused on an Mn-based lithium-rich material, the formula of which can
be written as xLi2MnO3•(1-x)LiMO2 (M = Ni, Co, etc.). Both of the Li2MnO3 and the LiMO2
components of the composites share similar atomic arrangements. It was discovered that
partial co-doping of Li and Mn with divalent nickel can effectively improve the reversibility
of lithiation. In fact, these two phases are not evenly distributed on the atomic level. Phase
segregation or separation oftenoccurs at certain limits as the Li content increases or decreases,
and this phenomenon is also subject to multiple factors, including the element constitution
and synthetic conditions.
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Figure 2.8 (a) Relationship between the differing redox processes and the oxygen 2p band.32
(b) Proposed band structure for the specific Li-O-Li atomic arrangements.33
Another distinctive phenomenon is the involvement of oxygen during electrochemical
cycling. This has proven to be most likely to occur in the high cut-off voltage region (above
4.5 V), which will result in an irreversible process and accelerate premature cell failure. It
also strongly depends on each individual electronic structure (Figure 2.8). The impedance
will be dramatically increased since the side reactions are inevitable. This phenomenon also
has a direct relationship to the voltage decay. The voltage decay cannot be simply owing to
the over-potentials derived from the internal impedance or generated interfacial reactions.
The main reason for this is the gradual rearrangement of the bulk material at the atomic level.
Based on a massive volume of published results, the transition metal will either (i) migrate
back to its pristine octahedra sites; (ii) be trapped in tetrahedral sites; or (iii) migrate to the
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adjacent octahedral lithium layer sites. Further work is still urgently required for a deeper
understanding as well as a more stable electrochemical performance to achieve progress
towards its real application.

2.4 Iron-based layered oxide cathodes
Due to the great achievement of layered oxides for LIBs in the commercial market, the
layered 3d–transition metal (TM) oxides have received extensive investigation in recent years.
The typical layered framework of NaxTMO2 commonly consists of edge–sharing TMO6
octahedra along the c axis and sodium in the stacking layers. Two main groups have been
defined by Delmas et al.34 According to their stacking order: P2 type and O3 type, where the
symbol P or O indicates whether the local surroundings of Na+ ions are in the prismatic or
octahedra coordination. The number 2 or 3 means the number of transition metal layers
containing different sites of coordinated oxygen atoms in a single cell unit. Also, the P3 and
O2 types can be added into the polytypes of layered structures, although they commonly only
appear during electrochemical cycling. The primary phase structures can be described by the
two or three non–equivalent TMO2 sheets (AB BA for P2, AB AC for O2, AB BC CA for P3,
and AB CA BC for O3).35,
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aforementioned four types are shown in Figure 2.9a and b. In addition, the in–plane Na+ ion
diffusion pathways are slightly different. The Na+ ions in the O–type migrate via the
interstitial tetrahedral sites with relatively higher hopping energy from one vacancy to
another, which can be summarised as the Zigzag transfer diffusion pathway. On the contrary,
the Na+ ions in the P–type can be facilely transported because of the direct diffusion
pathways in the P–type stacking sequence, so that faster ionic and electron transfer rates can
be anticipated towards better C–rate performance (Figure 2.9 e–f). Note that the P3 phase is
also a thermodynamic stable phase if the sintering temperature is below 800 ℃. So, the phase
transition of P3/O3 to P2 is impossible because the TM–O bonds cannot be reshaped without
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heat treatment. Moreover, a prime symbol (′) is commonly used to indicate in–plane
distortion for both hexagonal and orthorhombic structures.37
As the most abundant elements in the Earth’s crust of all the 3d transition metals,
manganese and iron both play important roles in both P–type and O–type layered structures.
Almost all the reported sodium tunnelled/layered oxides will not have satisfactory
electrochemical performances without Mn, since the multi-valence of Mn2+/Mn3+/Mn4+ redox
couples can offer great room for specific capacity. In addition, the Fe3+/Fe4+ redox couple is
fairly unique, since it can provide a higher redox voltage value than is usually seen in other
types of framework such as polyanionic structures. In this review, we mainly focus on the
layered structured oxides, because tunnelled structure oxides usually have insufficient sodium,
which will lead to very poor ICE. This can be considered as a big drawback for making full
SIBs with a view towards large-scale stationary EESs. By combining appropriate amounts of
iron and 3d metals with multiple valences such as Mn2+/Mn3+/Mn4+, longer cycle life and
higher specific capacity can be achieved at the same time.
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Figure 2.9 Schematic illustrations of definitions of layered NaTMO2 phases of (a) O3-type,
(b) P3-type, (c) O2-type. and (d) P2-type. Illustrations of Na+ ion diffusion pathways through
(e) indirect tetrahedral sites in the O-type stacking sequence and (f) direct prismatic sites in
the P-type stacking sequence.10
Generally speaking, the P2-type layered oxides have better initial discharge capacity but
poorer cycling stability. The phase transitions of P2-type structures are commonly less
complex compared with those of O3-type with direct diffusion pathways and lower hopping
energies between two adjacent Na+ ions. It has been observed that the ionic conductivity of
P2-type materials is relatively higher than that of O3-type materials in similar chemical
surroundings. The phase type is not the decisive factor in the final electrochemical
performance, however; the irreversible phase transition and storage instability also have great
influences on their ultimate electrochemical properties. Researchers have made great efforts
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to construct well-recognised relationships between these factors; more advanced techniques
are very much required, however, in order to obtain a more sophisticated understanding of
these O3/P2-type layered oxides.
2.4.1 Single iron/manganese-based systems
The α-NaFeO2 material is a typical O3-type layered structure with space group R-3m.
Capacity loss and voltage decay will occur, however, once the cut–off voltage is set above
3.5 V, because of the irreversible phase transition of trivalent iron ions migrating to the
vacant adjacent tetrahedral sites (Figure 2.10a–b). This phenomenon has been observed and
confirmed by ex–situ XANES and XRD results (Figure 2.10c–d)19. Very Recently, Chen’s
group also visualized Fe migration from Fe layer to adjacent.38 The migration of Fe3+ ions
will block the Na+ ion diffusion pathways and cause degradation of the electrochemical
performance. Through ex–situ Mössbauer spectroscopy, Lee at al. found that more than 20 %
of Jahn–Teller–active Fe4+ will automatically be reduced to Fe3+ in open–circuit storage of
the charged cell.19 They also performed in–situ synchrotron XRD, and it revealed that the
nonequilibrium coherent phase suffered from an O3 structure pinning down effect that was
caused by Fe3+ migration. In addition, the surface of NaFeO2 changed quickly into FeOOH,
NaOH, and Na2CO3 when exposed to ambient moisture. The surface degradation will cause
even more severe electrochemical deterioration apart from the intrinsic factors just mentioned.
NaxMnO2 oxides are also attractive cathode candidates due to the cost-effectiveness of both
sodium and manganese. When x is below 0.5, the material will present a 3D tunnel structure.
With a higher sodium content, low temperature (α-NaMnO2, space group C2/m) and high
temperature (β-NaMnO2, space group Pmnm) products will appear, respectively39, 40. O′3type NaMnO2 possesses many plateaus with a discharge capacity of 197 mAh g-1 within the
voltage range of 2.0-3.8 V at C/30. Fast capacity fade appeared, however, since the Jahn-
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Teller distortion of Mn3+ (t2g3eg1) is inevitable during cycling. The high temperature product,
β-NaMnO2, crystallizes in a zigzag layered structure, and the edge-sharing MnO6 octahedra
stack in the ab-plane with Na occupying octahedral sites between neighbouring stacks41. A
plateau around 2.7 V can be maintained for only a limited number of cycles because of the
collapse of long-range order with low Na content. Moisture is also another critical issue
leading to instability of the structure. Both P′2-Na0.7MnO2 (space group Cmcm) and P2NaxMnO2 (non-disordered, space group P63/mmc) can be obtained after sintering at 1000 ℃
by adjusting the synthesis conditions. Nevertheless, none of these structures can eliminate the
severe Jahn-Teller distortion of Mn3+. So, researchers replaced some Mn with Li and Mg to
partially suppress the phase distortion, especially in high potential areas, and the
charge/discharge curves were smoothed as well (Figure 2.10e and f).42-44 Very recently, P. G.
Bruce’s group showed that P2-type Na2/3[Mg0.28Mn0.72]O2 can exhibit excess capacity caused
by oxygen redox reactions. This indicates that excess alkali-metal ions are not required to
activate oxygen redox reactions. They also found that there is no oxygen loss during cycling,
which can be attributed to the doped Mg2+ ions acting as oxygen stabilizers (Figure 2.10g). 45,
46

In addition, Komaba’s group tried to unravel the role of selected elements acting as

stabilizers for both α- and β-polymorphs of NaMnO2 via combined XRD/DFT+U methods.
They found that Cu and Ti dopants are the best choices for stabilizing β-NaMnO2 and αNaMnO2, respectively, while other TMs and Al only result in a small difference. Non-TM
dopants (Mg and Zn), can also enhance the stability to a certain degree.47 Even so, the storage
voltage of Mn3+/Mn4+ and air stability are still the essential issues for layered NaxMnO2
materials before real mass applications can appear.48
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Figure 2.10 (a) Charge-discharge curves and (b) dQ/dV plot of O3-NaFeO2 materia;l (c) and
(d) 3D waterfall views of the synchrotron XRD pattern for selected 2θ ranges during the first
cycle19 (e) The edge-centered (Nae) and face-centered (Naf) Na sites in the as-illustrated P2NaxMn1-yMgyO2 structures; (f) Differential capacity vs. voltage plot of P2-Na2/3Mn1-yMgyO2
(y = 0.0, 0.05 and 0.10);46 (g) O2 structure of Na0[Mg0.28Mn0.72]O2 with corresponding
coordinated octahedrally sited oxygen atoms.45 (h) Electrochemical profiles of O3Na[Fe1/2Mn1/2]O2 and (i) P2-Na2/3[Fe1/2Mn1/2]O2. (j) Cycling stability and (k) rate capability
of the as–obtained samples.49 (l) Evolution of P2-Na2/3[Fe1/2Mn1/2]O2 via in–situ XRD
patterns in the selected 2θ range.50
2.4.2 Layered binary-iron-manganese systems
Fe/Mn based oxides are attractive for real application due the abundance of both elements
and their environmentally friendly nature. The Mn3+/Mn4+ redox couple can provide a large
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specific capacity, while high potential can be obtained from the Fe3+/Fe4+ redox couple.
These facts all have made the Fe/Mn-based oxides a very hot research topic in recent years.
The P2-Nax[Fe1/2Mn1/2]O2 and O3-Na[Fe1/2Mn1/2]O2 was firstly introduced by Komaba’s
group.49 The P2- and O3-type layered phases can be allocated to the space groups P63/mmc
and R-3m, respectively. In the P2-type, an average voltage of 2.75 V with energy density of
520 Wh kg-1 was obtained in the voltage window from 1.5 to 4.3 V (Figure 2.10h–k).
Approximately 72 % (190 mAh g-1) of the theoretical capacity (~260 mAh g-1) was achieved
based on the single-electron redox process. All the sodium ions can be extracted below 3.8 V,
resulting in a P2–OP4 phase transformation, which is highly reversible, even after charging to
4.5 V (Figure 2.10l). In addition, charge compensation was detected via XAS technique. No
Jahn–Teller structural distortion appears, due to the high-spin octahedrally coordinated Fe3+
(t2g3eg2) and Mn4+(t2g3eg0).51 In the case of the O3-type, the Fe3+ 3d orbital in NaFe1/2Mn1/2O2
is not as strongly hybridized with the oxygen 2p orbital as LiFeO2, so the energy barrier for
the oxidation of Fe3+ to Fe4+ is smaller than that for oxygen removal. The O3-type
NaFe1/2Mn1/2O2 material can exhibit capacity of ~110 mAh g-1 with a voltage platform at 2.75
V. It is worth noting that, although the specific capacity of the O3-type is smaller than that of
the P2-type, its first cycle CE is much higher than for the P2-type.52, 53 This can be regarded
as the key factor in a full-cell configuration. Nevertheless, if the anode can supply the extra
sodium rather than hard carbon, or the electrolyte can sustain some sacrifice of sodium
salts,13, 54, 55 the low first cycle CE of P2-type NaFe1/2Mn1/2O2 will not be a great barrier. Also
the ratio of Fe to Mn will result in the differences in capacity, which has been determined by
Delmas’ group

56

and Zhou et al..
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A higher ratio of Mn to Fe causes a larger practical

specific capacity. Other researchers enhanced the electrochemical properties by using
chelating agents such as critic acid or NH3·H2O54 or using graphene as a free-standing
substrate towards binder–free applications.58 Electrospun P2-type Na2/3[Mn1/2Fe1/2]
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hierarchical nanofibers were also successfully synthesized by Sujith et al. and showed
improved charge conductivity and shortened Na+ ion diffusion pathways.59
Delmas’s group claims that using auto-combustion method followed by a 1000℃ heat–
treatment under oxygen atmosphere, the new Na-deficient O3-Na0.82Mn1/3Fe2/3 and O3Na~0.8Mn1/2Fe1/2O2 material can be obtained.56 Two or more phase transitions were observed
and studied since then; however, the structure evolution during de/intercalation of sodium
ions is still in controversy. In fact, both the P2 or O3-type Nax[Mn1/2Fe1/2]O2 materials are
moisture sensitive in air, which may bring barriers against their real applications. Al, Cu and
Ti doping (Figure 2.11a–b) can be considered as an effective way to improve the sodium
storage ability and structure stability.35, 60-63 Hu’s group recently synthesized and studied the
air-stable P2-Na7/9Cu2/9Fe1/9Mn2/3O2 layered cathode material (Figure 2.11c–d). After Cu
doping, the as-obtained material exhibited a reversible capacity of 89 mAh g-1 and a capacity
retention of 85% after 100 cycles (Figure 2.11e–g).64 Cu2+/Cu3+ redox couple were proved to
be electrochemical active by the electron energy loss spectroscopy (EELS) and XPS
techniques. Jiang et al. fabricated the sodium deficient O3-Na0.9Mn0.4Fe0.5Ti0.1O2 with good
electrochemical properties. The proper amount of Ti doping has been determined to be
helpful for air stable ability by Hu’s group
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and Guo’s group.66 However, there are still

some existing problem of the Fe/Mn binary system needed to be addressed in the further: (i)
The average working voltage is still relative low if the Mn/Fe ratio is higher than 1; (ii) the
large volume shrinking during cycling; (iii) the uncompleted Jahn-Tell effect suppression of
Mn2+/Mn3+ redox which may result in the dissolution of Mn ions.
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Figure 2.11 (a) The schematic illustration of the refined Na0.67Fe0.5Mn0.5O2 result and its
charge-discharge

curve

(below).

(b)

The

schematic

illustration

of

the

refined

Na0.67Fe0.45Ti0.05Mn0.5O2 result and its charge-discharge curve (below).63 (c) The SEM and
HRTEM images of P2-Na7/9Cu2/9Fe1/9Mn2/3 material and (d) its HAADF image of pristine,
charged state and discharged state (from left to right).61 (e-g) Na storage performances of the
as–obtained O3-Na0.9[Cu0.22Fe0.3Mn0.48]O2 electrodes.64
Komaba’s group has done comprehensive studies on the O3-type NaFe0.5Mn0.5O2 since 2013.
67, 68

Excellent electrode performance was obtained, based on continuous oxidation of Co3+

and only partially oxidation of Fe4+, which can provide much higher reversible capacity
compared with O3-NaFeO2. The available energy density is around 510 Wh kg-1 with a high
reversible capacity of 160 mAh g-1. Due to the high conductivity brought from Co, the fast
kinetic nature of this solid solution also exhibits excellent C-rate capability, e.g. 135 mAh g-1
at 10 C (2.41 A g-1). The charge-discharge curves are smoother after half Fe substitution in
the Co octahedral sites, which is associated with gliding of the Co0.5Fe0.5O2 slab and in–plane
vacancy–Na ordering (Figure 2.12a). Also, from the neutron diffraction (ND) pattern results,
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there is no obvious ordering of iron and cobalt ions in the 3d transition metal slabs. The O3to P3-, and then P′3- monophasic reaction with phase stability was evaluated by DFT
calculations (Figure 2.12b).68 The XANES results confirmed the continuous oxidation of Co
and the partial oxidation of Fe according to the calculated Bader charges. In addition, by
introducing some electrochemically inactive elements such as Mg2+, the O3-type structure
can be stabilized to a greater extent during long-term cycling.69 Guo’s group fabricated Mg
doped O3-type NaFe0.45Co0.5Mg0.05O2 material and demonstrated that both high rate
capability (73.9 mAh g-1 at 10 C) and long-term cycling stability (68 % after 500 cycles) can
be achieved at the same time. It was also demonstrated that prismatic Na+-occupied sites have
a big influence on the ultimate electrochemical performances.
The partial replacement of Fe in O3-type NaFeO2 by Ni will significantly improve the
corresponding electrochemical properties (Figure 2.12c). The contribution of Ni3+/Ni4+ to the
total specific capacity was recognised and studied by Yamada’s group,70 and it was found
that the Ni3+/Ni4+ redox couple also can suppress the formation of unstable Jahn–Teller–
active Fe4+. The combination of the Mössbauer and XANES studies demonstrated that the
valence electron/hole is delocalized in the Ni/Fe bonds. This also can be regarded as a key
factor in the improvement of the electrochemical performance. Later on, they conducted a
DFT study and found that the oxygen 2p orbital is the dominant redox species for
electrochemical stabilization. 71 They also found that E(Ni3+/Ni2+) is higher than E(Ni4+/Ni3+),
which can be explained by the different oxygen contributions (80 % and 40 , while the
nominal valence changes are not as dominant as researchers considered previously. Very
recently, Vassilaras et al. conducted a detailed study of the structural evolution of O3-type
NaNi1/2Fe1/2O2 material.72 The cut–off voltage plays an important role in the comprehensive
electrochemical performance, which means that more cycling stability can be achieved by
sacrificing some specific capacity. The NaNi0.5Fe0.5O2 exhibits a smooth voltage profile with
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typically no lattice distortion from an O3–P3 phase transformation (Figure 2.12d). Other
researchers investigated the positive effects of Ti substitution in the Fe/Ni system. Singh et al.
synthesized both NaFe0.4Ni0.3Ti0.3O2 and NaFe0.2Ni0.4Ti0.4O2 material with improved
electrochemical properties.73 CO2 gas release was detected via the operando mass
spectrometry technique, while no O2 evolution was found.

Figure 2.12 (a) Galvanostatic charge curves and structural evolution of NaFeO2,
NaFe1/2Co1/2O2, and NaCo2, respectively. (b) Schematic illustrations of the crystal structure
of Na1−xFe1/2Co1/2O2 according to the refinement results.68 (c) Charge–discharge profiles of
NaFe0.3Ni0.7O2, NaFe0.5Ni0.5O2. and NaFeO2, respectively.70 (d) In–situ XRD patterns of
NaFe0.5Ni0.5O2 in the voltage range from 2 to 3.9 V at C/24.72
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2.4.3 Layered trinary-iron/manganese-based/containing systems
As we mentioned above, previous research on the Fe/Ni binary system indicated that there is
still room for better cycling performances. Fe substitution in the Fe/Ni/Mn ternary system
results in a smoother electrochemical curve and more stable OP2 phase, especially in the high
voltage region (above 4.0 V). The layered structure can be stabilized because of the
contraction of the interlayer distance, which can prevent the co-insertion of solvent molecules
between the liquid–solid interfaces. Kim et al. synthesized O3-Na(Fe1/3Mn1/3Ni1/3)O2 after
annealing at 850 ℃ and obtained good electrochemical properties, with capacity of 100 mAh
g-1 as well as good crystallinity after 150 cycles.74 Komaba’s group found that with increased
amounts

of

Fe

in

the

octahedral

sites,

the

mid–range

working

voltage

of

Na/NaFex(Ni1/2Mn1/2)1-xO2 materials also increased from 2.8 V to 3.0 V by sacrificing a tiny
amount of cycling stability (Figure 2.13a).75 They also determined that there is a maximum
amount of Fe in the ternary NaFex(Ni1/2Mn1/2)1-xO2 system before severe phase distortion
occurs (Figure 2.13b). The iron migration process can be effectively supressed with different
oxygen stacking sequences, since iron is not able to move in large prismatic sites. Later on,
Nazar’s group studied the high voltage phase stability of P2-Na2/3-z[Mn1/2Fe1/2]O2 material
and the positive effect of Ni substitution on the cycling stability (Figure 2.13c). 76 They
employed both X-ray PDF analysis and in–situ XRD, and found that the migration of 3d
transition metals can possibly result in short range ordering in the adjacent layers (Figure
2.13d). They also found that the cut–off voltage plays a critical role in the phase
transformation (MO2 layer stacking scheme) of the high voltage region. Cycling is stabilized
at the expense of capacity. The Fe3+/Fe4+ redox couple is not well suited to the design of the
high voltage P2- and O3-type oxides unless the iron migration can be carefully prevented.
Other researchers also tried to determine the best Ni/Fe/Mn ratios in the ternary system.
Hwang et al. investigated the O3-type layered Na[Ni0.75-xFexMn0.25]O2 (x = 0.4, 0.45, 0.5, and
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0.55), in which Mn is fixed at 25%.77 This material shows very impressive thermal stability
when the iron content is higher. The Ni constituent contributes higher discharge capacity but
results in severe phase distortion (Figure 2.13e–f). On the contrary, Hasa et al. reported that
increased Ni content can improve the reversible energy efficiency and suppress the
dissolution of Mn.78 Nevertheless, all the results proposed above indicate that the trinary
Fe/Mn/Ni layered oxides with different element ratios are promising candidates for reaching
the requirements that full SIBs need to meet in the future.
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Figure 2.13 (a) Galvanostatic charge/discharge curves of Na/NaFex(Ni1/2Mn1/2)1-xO2 cells at a
rate of C/20 (12 mA g−1) and x = 0.0, 0.4, and 0.6 from top to bottom, respectively. (b) The
anticipated and practical energy density and average voltage of NaFex(Ni1/2Mn1/2)1-xO2
material.75 (c) Schematic illustration of the as–obtained P2-NaxTMO2 (TM = Ni, Fe, Mn)
crystal

structure.

(d)

In–situ

XRD

data

during

the

initial

discharge

of

Na0.67[Mn0.65Ni0.15Fe0.2]O2 at C/20.76 (e) Initial charge/discharge curves at 13 mA g-1 of
Na[Ni0.75-xFexMn0.25]O2 electrodes with different x values, and (f) corresponding dQ/dV
plots.77
2.4.4 Layered multiple iron and manganese-based/containing systems
O3-type quaternary layered Na(Mn0.25Fe0.25Co0.25Ni0.25)O2 was fabricated by Ceder’s group
with a reversible capacity of 180 mAh g-1 and 578 Wh/kg specific energy density.79 They
found that, at a high cut–off voltage, the cycling stability of Na(Mn0.25Fe0.25Co0.25Ni0.25)O2
was better than those of binary oxides. Reversible phase transitions (O3–P3–O3′–O3″) were
detected in the high voltage range with an absence of monoclinic distortions. Sun’s group
reported O3-type layered structured Na[Li0.05(Ni0.25Fe0.25Mn0.5)0.95]O2 obtained via a
coprecipitation method. This material exhibited excellent electrochemical performance with
exceptionally high capacity (180.1 mAh g-1 at 0.1 C) and great capacity retention (92.1 % at
0.5 C).79 Li+ ions can be considered as the phase stabilizers due to their suppression of Fe3+
migration from TMO2 layers to sodium layers during cycling. The effects of Li+ substitution
were further determined by Zhou’s group.80 They found that P2+O3 integration can be easily
generated when a certain amount of Li+ is doped into the TMO2 layers. Yue et al. introduced
the quinary layered Na NaNi1/4Co1/4Fe1/4Mn1/8Ti1/8O2 oxide as high-rate-capability material.81
The charge/discharge curves are much smoother than those of single or binary iron–
containing oxides. The element distributions as well as the reaction mechanism are still not
clear, however. More advanced techniques and better understanding are expected in the
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future. Other researchers also introduced 3d or 4d transition metal dopants such as Zr.82 The
elements with a larger radius can efficiently block the migration pathways of Fe3+ by
sacrificing a tiny amount of reversible capacity. It is proposed that superior electrochemical
performances can be achieved based on a more comprehensive understanding of these
multiple iron-based/containing oxides for mass application in SIBs.

2.5 Iron-/manganese-based polyanionic–type cathode materials
2.5.1 Sodium iron/manganese phosphates and iron/manganese fluorophosphates
Sodium iron phosphates and sodium iron fluorophosphates were the first targets to be
investigated as cathode materials in SIBs. As olivine LiFePO4 has been successfully used in
the commercial LIB markets, there is no need to wonder why the sodium iron phosphates
could attract researchers’ interests. The thermodynamically favoured maricite phase suffers
from a lack of sufficient Na+ ion diffusion pathways, so it is generally considered to be
electrochemically inactive. Olivine NaFePO4 has a moderate working platform around 2.8 V
and high theoretical capacity (154 mAh g-1), although it is not a thermodynamically stable
phase, so that it cannot be synthesized via conventional chemical methods. Nevertheless,
Poul et al. first discovered that the Li+ ions in olivine LiFePO4 can be replaced by Na+ ions
though electrochemical exchange methods in organic solutions.83 Since then, researchers
have made great efforts to fabricate and characterise the ion–exchanged olivine NaFePO4.
Wongittharom et al. developed an ionic liquid system with various sodium solutes that were
thermally stable and non–flammable, even above 350 ℃.84 Fang

85

et al. and Tang

86

et al.

also introduced aqueous ion-exchange strategies that have much faster Na+/Li+ ion–exchange
kinetics compared with the organic solutions (Figure 2.14a). Kang’s group recently revisited
the maricite NaFePO4 and revealed that all the Na+ ions could be extracted from nano–
structured maricite NaFePO4 while amorphous FePO4 emerged, which is illustrated in Figure
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2.14e–g.87 The smaller energy barriers for Na+ ion to diffuse in the amorphous FePO4 with
the loss of long–range order were studied through quantum mechanical calculations and
EXAFS, and it was found to have a capacity of 142 mAh g-1 and 95 % capacity retention
after 200 cycles. Very recently, Chiang’s group discovered a novel strain–accommodation
mechanism between the third phase and the primary phase by using synchrotron X-ray
powder diffraction and pair distribution function (PDF) techniques (as shown in Figure
2.14h).88 They assume that, with the increased structural and interfacial energy, the mediating
amorphous phase could compensate for the high misfit strain energy. This result further
explained the details of what Kang’s group reported previously. More relevant reports are
expected in the future, however, in regard to this newly found mechanism.89, 90

Figure 2.14 Charge-discharge performance of (a) ion–exchanged olivine NaFePO4,86 (b)
NASICON–type

Na3Fe2(PO4)3,91

(c)

alluaudite–type

Na1.702Fe3(PO4)3,92

and

(d)

orthorhombic Na2FePO4F, respectively,93 (e) Schematic illustration of reaction mechanism
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during cycling of maricite NaFePO4. (f) Possible diffusion pathways of amorphous FePO4
and (g) corresponding activation energies (over 10 Å).87 (h) Analysis of olivine NaFePO4
through advanced PDF technique. A three–phase structure model was employed to obtain
good fitting results,88 (i)

23

Na fast magic angle spinning (MAS) spectrum of carbon coated

Na2FePO4F in the range of ± 3000 ppm. The bottom curve is the deconvolution of spinning
sideband manifold of sodium site B, and the top two curves are the combination of all sites
including possible impurities.94
Other types of sodium ion phosphate have also been reported in the last few years. Most of
them are associated with the Na superionic conductor (NASICON) type structure, which is
well known in vanadium–based Na3V2(PO4)3 material. Liu et al.95 and Rajagopalan et al.91
recently reported monoclinic phase Na3Fe2(PO4)3 (space group C2/c, Figure 2.14c) and
characterized it (Figure 2.14b). They found that Na3Fe2(PO4)3 is partially decomposed into
Na4Fe2(PO4)3 and Na3+xFe2(PO4)3 during cycling, and the Fe3+/Fe4+ redox couple was proved
to be involved in the electrochemical reaction by the XANES technique. Another layered
phase Na3Fe3(PO4)4 was reported by Trad et al., and it is found that the FeO6 octahedra are
corner–sharing and connected by PO4 tetrahedra through edge and corner sharing.96 A one–
pot hydrothermal synthetic method was employed to fabricate alluaudite Na1.702Fe3(PO4)3
(Figure 2.14c).92 Goodenough’s group reported that Fe–substituted NASICON type
Na3FeV(PO4)3 can exhibit both excellent rate capability and very stable cycling
performance.97 The presence of V can elevate the working potential, while Fe can stabilize
the structure for longer cycling.
Another effective way to improve the average voltage platform is to introduce other
elements with higher electronegativity in the anionic sites. Layered fluorophosphate-type
Na2FePO4F possesses an increased working potential of around 3.1 V with a reversible
capacity of 100 mAh g-1. Komaba’s group synthesized carbon coated Na2FePO4F via a
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simple solid–state method.98 It crystallizes in the orthorhombic Pbcn space group, where F
atoms bridge the face-sharing FeO4F2 octahedra and PO4 anions to constitute the layered
structure. Goward’s group reported that the Na2FePO4F undergoes a two phase desodiation
mechanism, which was found to be associated with two crystallographically unique Na+ sites
through ex–situ

23

Na solid–state nuclear magnetic resonance (NMR) (Figure 2.14i).94 Other

research works towards the improvement of electrochemical performance have been
conducted by introducing a uniform carbon layer or double–shelled hollow structure (Figure
2.14d).93, 99, 100 More advanced work is expected to be carried out based on the solvothermal
routes. The working voltage is still relatively low for Na2FePO4F when compared to other
cathode materials, which may hinder its further application as cathode material in mass
produced SIBs.
In the crystal structure of Na2MnPO4F, two kinds of MnO4F2 octahedra form four Mn2F2O8
chains parallel to the b axis, which are linked by PO4 tetrahedra to form a 3D framework in
the a and c directions. Na+ ions are located in the channels of its crystal structure.101, 102 The
electrochemical performance of Na2MnPO4F was investigated both theoretically and
experimentally by Kang’s group.103 The results indicated that the first Na+ ion extraction
from Na2MnPO4F reversibly occurred at 3.66 V, while the voltage needed to extract the
second Na+ ion from NaMnPO4F was around 4.67 V. The specific capacity of Na2MnPO4F
was approximately 120 mAh g-1, corresponding to one Na+ ion transfer. With higher cut-off
voltages, more than one Na+ ion could be extracted, but the electrolyte could not stand high
voltage. An ionothermal approach was used to synthesise Na2MPO4F (M = Fe, Mn, or
mixture) at temperatures as low as 270°C, while temperatures as high as 600°C are required
to obtain similar phases by the solid-state method.104 It was found that the Na2MnPO4F
powders, which exhibited a 3D tunnel structure, were poorly electroactive compared with the
2D layer structured Na2FePO4F. Through Mn substitution, the electrochemical performance
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of the Na2Fe1-xMnxPO4F series (x = 0.05, 0.1, 0.17, and 0.25) first increases (x = 0.05) and
then rapidly decays with increasing Mn content. The 2D–3D structural transition was evident
for Na2Fe0.75Mn0.25PO4F (x = 0.25), the electrochemical performance of which approaches
that of pure Na2MnPO4F.
2.5.2 Sodium iron/manganese pyrophosphates
Yamada’s group and Choi’s group both first reported triclinic structured Na2FeP2O7 in early
2013.105, 106 They found that NaFeP2O7 can achieve excellent thermal stability, even when
heated to 600 ℃, and there is no oxygen evolution as the temperature increases. A reversible
capacity of around 95 mAh g-1 with excellent cycling stability (working potential of 3.0 V)
was obtained. A consecutive two–phase sodium storage mechanism was discovered via spin–
polarized DFT calculations (Figure 2.15a–c). Both its great cycling stability and its excellent
thermal stability can be ascribed to the robust (P2O7)4- anion. After that, other researchers
optimised the electrochemical performance via introducing a highly conductive carbon
network (Figure 2.15f).107 It was also found that Na2FeP2O7 can function well in inorganic
ionic liquid.108 The redox potential can be further improved up to 3.2 V by Mn substitution on
Fe sites.109 Recently, off-stoichiometric Na2-xFe1+x/2P2O7 was reported to have higher
reversible capacity around 110 mAh g-1 with good cyclability over 3000 cycles in inorganic
ionic liquid electrolyte.110
Na2MnP2O7 was reported to exhibit the high operating voltage of ~3.8 V with a reversible
capacity of 90 mAh g-1.111 It also retained good rate performance, with 70% capacity
retention when the C-rate increased from 0.05 C to 1 C. Through first-principles calculations,
it was found that the enhanced kinetics of Na2MnP2O7 was mainly due to the local
accommodation of Jahn-Teller distortions, which were favoured by its triclinic corner-sharing
structure. Although Li2FeP2O7 supports 2D Li-ion diffusion, the long range Na+ diffusion in
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Na2MP2O7 requires low activation energies in all crystallographic orientations, suggesting 3D
Na-ion diffusion. The antisite defect, in which an M ion and a Na+ ion exchange positions, is
the most favourable defect within the pyrophosphate framework and conducive to high rate
performance.
Recently, Nazar’s group reported a new iron–based solid solution compound, Na4−αFe
2+α/2(P2O7)2

(2/3 ≤ α ≤ 7/8).112 It crystallizes in the triclinic P–1 structure, and its three–

dimensional framework is constructed from a centrosymmetrical crown of Fe2P4O22. Each
Fe2P4O22 unit consists of two FeO6 octahedra and double P2O7 anions. The Na3.12Fe2.44(P2O7)2
compound exhibits a working voltage around 3.05 V with a capacity of 85 mAh g-1. They
also found that the Na3.12Fe2.44(P2O7)2 material is vulnerable to oxidation by moisture and
CO2 in the air. Since then, Deng’s group optimised its electrochemical properties via a novel
flash combustion method with hierarchical carbon decoration.113 They studied the surface
moisture sensitivity and found that the oxidation of Fe2+ will decrease the reversible capacity.
By using a biochemistry–directed synthesis strategy, they also obtained hollow porous
Na3.12Fe2.44(P2O7)2 microspheres.114 Niu et al. employed porous graphene.115 and multi–
walled carbon nanotubes

116

to enhance its electrochemical performance. Very recently, our

group successfully synthesized an Na-rich phase Na3.32Fe2.34(P2O7)2/C composite via an in–
situ carbon coating process (Figure 2.15 d–e).17 The Na-rich phase has been proven to be
more resistant to oxidation. It was found that fluoroethylene carbonate (FEC) additive can
create protective surface films in the propylene carbonate (PC)–based electrolyte (Figure
2.15i). A DFT study indicated that two one-dimensional (1D) channels are plausible for Na+
ion diffusion with relatively low activation energies (Figure 2.15g–h). Further studies are
expected to focus on particle size control and doping with other metal elements.
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Figure 2.15 (a) Final Rietveld refinement of Na2FeP2O7 (synchrotron radiation, λ =0.82550
Å, Rwp = 2.96 %, Rp = 2.03 %, RF2 = 5.21 %). The inset is the corresponding Mössbauer
spectrum fitted with two distinct Fe2+ sites. (b) Charge–discharge curve of as-prepared
Na2FeP2O7 electrode at 10 mA g-1.105 (c) Calculated Na ion diffusion energy barriers along
the [011] orientation.106 (d) Rietveld refinement of Na3.32Fe2.34(P2O7)2 from synchrotron XRD,
λ = 0.7741 Å. (e) HRTEM image of the uniform carbon–coated Na3.32Fe2.34(P2O7)2 material.17
(f) SEM image of the Na2FeP2O7 carbon nanotube.107 (g) Na diffusion pathways and (h)
corresponding activation energy barriers. (i) Cycling stability of Na3.32Fe2.34(P2O7)2 electrode
with 5 % FEC. The insets are HRTEM images after 300 cycles with inset corresponding
SAED patterns.17
Another important candidate in the iron pyrophosphates family is mixed phosphate
Na4Fe3(PO4)2P2O7 material, which is also the most representative among other 3d transition
metal elements with redox centres such as Mn, Co, etc. This material crystallized in Pn21a
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space group with an orthorhombic structure (Figure 2.16a). It exhibits a double chain made
up of two PO4 tetrahedra (corner–sharing), MeO6 octahedra, and Me3P2O13 blocks parallel to
the bc plane with connected P2O7 units along the a-axis. Kang’s group first introduced this
pyrophosphate framework into SIBs with a reversible capacity of 129 mAh g-1, which was
achieved without nanosizing (Figure 2.16b).117 Their DFT study suggests that low energy
barriers (all below 0.8 eV) to Na+ ion diffusion in all directions benefits its high rate
performances.118 Ex-situ XRD measurements indicated that a single phase transformation
occurs during cycling (Figure 2.16c–d).Based on the DFT results and neutron diffraction (ND)
refinement, they also found that both the distortion of P2O7 and the transformation from
edge–sharing to corner–sharing of Fe3-Fe1 sites in FeO6 octahedra may narrow the Na+ ion
diffusion channels in the initial cycle (Figure 2.16e–f). Very recently, Casas–Cabanas tested
the Na4Fe3(PO4)2P2O7 material in an aqueous system and obtained satisfactory
electrochemical performance due to the very low over potential (0.07 V) that it exhibits.119
The issue of soluble oxidized surfaces should be addressed in further work as well as non–
aqueous systems. In addition, considering its relatively high capacity, moderate voltage
platform, and excellent cycling stability, more relevant work aimed at morphology design and
surface protection are strongly required to accelerate its industrial level applications in SIBs
in the near further.
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Figure 2.16 (a) Rietveld refinement of Na4Fe3(PO4)2P2O7. The inset is the refined schematic
representation. (b) Galvanostatic charge–discharge curves of as-prepared Na4Fe3(PO4)2P2O7
electrode. The inset is the cycling performance at 6 mA g-1, 12 mA g-1, and 24 mA g-1. (c)
Ex–situ XRD patterns during the first cycle. (d) Magnified results in the 2θ range of 8–19°.
Schematic illustration of the structure with Fe migration at different states of charge: (e)
Na2Fe3(PO4)2P2O7 and (f) NaFe(PO4)2P2O7.118 (g) Rietveld refinement of neutron diffraction
pattern of Na4Mn3(PO4)2(P2O7); (h) dQ/dV curves of the first and second cycles of
Na4Mn3(PO4)2(P2O7); (i) calculated illustrations of the structures Na3Mn3(PO4)2(P2O7) (left),
and NaMn3(PO4)2(P2O7) (right).120

A 3.8 V Mn-based mixed-phosphate cathode, Na4Mn3(PO4)2(P2O7) was synthesized by a
solid-state reaction and reported to be isostructural to the Na4Fe3(PO4)2(P2O7) (Figure 2.16g),
but with larger lattice constants due to the larger ionic radius of Mn 2+ than Fe2+.120 The
electrochemical reactions of Na4Mn3(PO4)2(P2O7) electrode included several multi-phase
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reactions (Figure 2.16h). Pristine Na4Mn3(PO4)2(P2O7) has four distinct Na sites and three Mn
sites (Figure 2.16i). Na ions in the Na2 site were preferentially removed first, accompanying
the oxidation of Mn ions in the Mn3 sites. The electrode experienced a 7% volume
contraction compared to its pristine state after complete charging. Also, a binary Mn/Fe
mixed Na4Mn3(PO4)2(P2O7) was reported recently, introducing the benefits of both Fe and
Mn with improved electrochemical performances.121 With such high energy density the Mnbased Na4Mn3(PO4)2(P2O7) can achieve, more following works shall be put emphasis on the
particle size control and surface modifications.
2.5.3 Iron/manganese fluorosulfates/sulfates and iron silicates
To improve the water resistance of iron fluorosulfates, a new bihydrated fluorosulfate,
NaFeSO4F ·2H2O, has been discovered. Its fabrication was complex, however, due to the
protective atmosphere that needs to be employed during the whole process.122 By introducing
benzene in the process of forming a benzene–water azeotrope, the reaction time and
procedures can be reduced via a one–step method.123 More work still needs to be carried out,
such as surface modification or segregation and introducing a conductive carbon network.
Also a more comprehensive understanding of such matters as phase change or the Na storage
mechanism is expected in the future.
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Figure 2.17 (a) Rietveld refinement of XRD pattern for Na2Fe2(SO4)3. Trace amount (about 4
wt%) of β–FeSO4 impurity is indicated by yellow ticks. The inset is the corresponding room
temperature Mössbauer spectrum.124 (b) Final Rietveld refinement pattern from synchrotron
powder data (λ = 0.58966 Å) for Na2Fe(SO4)2·2H2O. The inset is the Mössbauer spectrum
fitted by single Fe2+ doublet.125 (c) Galvanostatic charge-discharge curves of (c)
Na2Fe2(SO4)3 (with the inset containing the corresponding cyclic voltammetry (CV) profiles),
(d) hierarchical Na2Fe(SO4)2·2H2O–graphene composite.126 and (e) carbon coated Na2FeSiO4
particles.127 (f) and (g) Possible Na+ ions diffusion pathways based on the equi-value surface
calculations. Diagrams of temperature–humidity stability of (h) Na2Fe2(SO4)3 and (i)
Na2Fe(SO4)2·2H2O with respect to hydration, respectively.128
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Another research hot spot in recent years has been the iron–based sulfate materials.
Compared to the phosphate framework, the stronger electronegativity of sulfates can lead to
surprisingly high redox potentials (around 3.8 V vs. Na+/Na), only utilising the Fe2+/Fe3+
redox couple. An entirely new alluaudite–type framework, Na2Fe2(SO4)3 with space group
P21/c, was discovered and studied by Yamada’s group (Figure 2.17a).124 The interesting
phenomenon is that the edge–sharing FeO6 octahedra are not commonly seen in other types
of polyanionic framework. The edge–sharing FeO6 octahedra are connected with SO4 units
along the bc plane to form the 3D structure with a feasible channel for Na+ ion diffusion
along the c–axis (Figure 2.17 f–g). A reversible capacity of ~100 mAh g-1 was obtained
without any material optimization (Figure 2.17c), and the theoretical capacity is 120 mAh g-1
according to one electron transfer). The thermal analysis indicates that release of SO2 gas will
occur above 450 ℃, so the annealing temperature was set at 350℃, which significantly
reduces the energy cost for real mass fabrication and application.129 The big difference in the
first and second cyclic voltammetry (CV) curves was studied and explained by Oyama et al.
by Fe migration theory based on the

23

Na MAS NMR spectra and DFT results.130 A very

small volume change was observed (ΔV ≈ 3.5%) during the subsequent cycles, which
indicates satisfactory cycling stability. The single phase reaction was further verified by
studies of off–stoichiometry Na2+2xFe2-x(SO4)3 materials.131-133 Since then, Barpanda’s group
developed an ion-thermal synthetic method with low temperature of only 300 ℃.134 The
obtained Na2+2xFe2-x(SO4)3 showed tunable size (300 nm ‒ 5 μm) rod–shaped morphology. In
order to synthesize the iron sulfates in a non-aqueous system, hydrated iron sulfate kröhnkitetype Na2Fe(SO4)2·2H2O was investigated as a ~3.2 V insertion compound for SIBs.125 It
crystallizes in a pseudolayered monoclinic structure with space group P21/c (Figure 2.17b).
Deng’s group further improved its electrochemical performance via graphene in a
hierarchical sandwich–type nanostructure.126 A reversible capacity of 72 mAh g-1 was
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obtained with 81 % capacity retention at the high rate of 5 C (Figure 2.17d). The bound water
in the Na2Fe(SO4)2·2H2O material can provide extra water resistance by sacrificing both
some of working potential and some of the reversible capacity compared to the stoichiometric
Na2Fe2(SO4)3 material. Very recently, Shishkin et al. reinvestigated the stability of
Na2Fe2(SO4)3 via the DFT+U magnetic exchange method.128 They found that both
Na2Fe2(SO4)3 and Na2Fe(SO4)2·2H2O materials are subjected to water molecules present in
the air (Figure 2.17h–i). Both the temperature and the humidity will cause the hydration
transformation of both materials. Thus, a more advanced understanding as well as more
careful structural design are very important for the real application of these very promising
iron sulfate compounds in the near future.
2.5.4 Other mixed iron/manganese multivalent anion materials
In recent years, the discovery of new types of iron–based polyanionic-type cathode materials
for SIBs has become an interesting and attractive research topic, since the abundant resources
of iron can significantly lower the price for industrial level manufacturing. More and more
novel classes of materials have been discovered and studied with the help of high–throughput
ab initio computational routes. It can be expected that there will be more advanced materials
discovered with higher energy density and longer cycle life.
A new mixed anion composite, Na2Fe(C2O4)F2, was first prepared via a hydrothermal
approach and studied by Lightfoot’s group.135 The relative electronegativities of oxalates,
phosphates, and sulfates are: (SO4)2− > (C2O4)2− > (PO4)3−, so the oxalate–based materials
possess relatively high working potentials. Na2Fe(C2O4)F2 crystallizes in a monoclinic
structure with space group C2/c. The corner–sharing FeO4F2 octahedra are connected by
oxalate groups forming [FeC2O4F2] infinite chains. The Na2Fe(C2O4)F material shows two
distinct reduction peaks located at 2.95 V and 3.25 V, respectively. A discharge capacity of
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~120 mAh g-1 can be obtained in the first cycle. The large electrochemical polarization
indicates, however, its low ionic conductivity, which is in agreement with the calculated
electronic density of states. Also, the cycling performance needs to be improved in
subsequent investigations. Another oxalate–based material, bihydrated Na2Fe2(C2O4)3·2H2O,
was reported to be electrochemically active with a working potential around 3.25 V.136 This
material was synthesized via a simple hydrothermal method and crystallized in monoclinic
space group P21/c. A reversible capacity of ~105 mAh g-1 was obtained at 0.05 C.
Investigations of its thermal stability and sodium storage mechanism should be carried out in
the future. Recently Goodenough’s group synthesized NaFe2PO4(SO4)2 material with mixed
anions which belongs to the NASICON framework structure.137 It had an improved average
voltage of ~3.15 V with a capacity of ~100 mAh g-1. Both the sodium storage mechanism and
the phase transition are still unclear, however. Yamada’s group continued this study and
selected alluaudite–type NaxFey(PO4)3-z(SO4)z (0 ≤ z ≤ 3) as the researching target.138 These
polyanionic solid–solution compounds belong to the monoclinic structured C2/c space group.
When z = 3 the material has the highest voltage, while when z = 1.5 the material has the
highest practical discharge capacity. The PO4–SO4 binary system shows an obvious tendency
towards higher voltage with increasing z value, which indicates that the polyanion
substitution strategies are effective for optimising the electrochemical performances of these
materials. It can be concluded that the performances can be further improved with nanosizing
techniques.

2.6 Iron-/manganese-based Prussian Blue Analogues cathodes
Prussian blue (PB, Fe[Fe(CN)6]·n × H2O) and its analogues (PBAs, AxM[Mʹ(CN)6](1-y)·y· n
× H2O; with A, an alkali metal; M, a nitrogen-coordinated transition metal ion; Mʹ, a carbon-
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coordinated transition metal ion; , [Mʹ(CN)6] vacancies occupied by coordinating water; 0
≤ x ≤ 2, 0 ≤ y<1) are a large family of transition-metal cyanides and considered to be
promising cathode materials for SIBs. In the lattice, all metal atoms alternate in face-centred
cubic sites and are interconnected by C–N pairs. The first metal, M, presents the element in
the MN6 octahedral nitrogen environment, while the second metal, Mʹ, is surrounded by
carbon in the MʹC6 octahedra.

139-145

Because of their open framework with large ionic

channels, PBAs can accommodate and reversibly intercalate larger alkali cations, such as Na+
and K+ ions. The typical original PB contains Fe2+ and Fe3+ sites in the ratio of 3 : 4, resulting
in a 25% [Fe2+(CN)6]4- vacancies, which may be occupied by H2O molecules. Substantive
efforts have been made to prepare PB and PBAs with few vacancies, low water content, high
Na content, and high crystallinity, targeting the direction of evolution. Although there are
several metals that are capable of occupying the Mʹ sites in PBAs, Fe is the most common
element used for electrode materials for SIBs. Although different PBAs, such as Ni-, Cu-,
Co-, and Zn-based hexacyanoferrates were studied, we focus on Fe- and Mn-based PB and
PBAs in the following part.
2.6.1 FeFe(CN)6-type PBAs
With a slow precipitation rate, PBs with low crystal water content and few vacancies can be
obtained. High-quality PB crystals, Na0.61Fe[Fe(CN)6]0.94 (HQ-NaFe), with a small amount of
[Fe(CN)6] vacancies and a low crystal water content were reported by Guo’s group

146

. The

PB underwent a two-electron redox reaction: cubic FeIIIFeIII(CN)6 ↔ cubic NaFeIIIFeII(CN)6
↔ rhombohedral Na2FeIIFeII(CN)6, as shown in Figure 2.18a. The slow growth process
endowed it with sufficient pathways for Na+ and e- transportation, and gave it more effective
structural integrity in the course of cycling compared to the low-quality PB nanoparticles
(LQ-NaFe) prepared in a short time with a granular morphology (Figure 2.18b).
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Figure 2.18 (a) Schematic illustration of the structural evolution of HQ-NaFe;
Charge/discharge profiles of (b) HQ-NaFe (left) and LQ-NaFe (right), SEM images are
shown in the insets.146 (c) Schematic illustration of the synthesis and the discharge
mechanism (left) and the cycling performance (right) of Na1.58Fe[Fe(CN)6]0.92 nanospheres,
with a TEM image shown in the inset.147 (d) Schematic diagram of the synthetic route (left)
and the cycling performance (right) of dual-textured PB nanocubes, with a TEM image
shown in the inset.148
Na1.58Fe[Fe(CN)6]0.92 hollow nanospheres were prepared utilizing reduced FeIIOx as a selfsacrificial template with the assistance of ascorbic acid as reducing agent (Figure 2.18c).147
The as-prepared Na1.58Fe[Fe(CN)6]0.92 delivered initial charge and discharge capacities of 133
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and 142 mAh g-1, corresponding to an extraction of ~1.4 Na and insertion of ~1.5 Na per
formula unit, respectively. Dual-textured PB (porous PB @ non-porous PB) nanocubes were
reported to exhibit excellent cycling stability with capacity retention of 84.3% at a current
density of 60 mA g-1 over 100 cycles compared to solid and commercially available PB due
to the advantages of their hybrid structure composed of both solid and nanoporous domains
(Figure 2.18d).148 Through step-by-step crystal growth of coordination polymers and etching
treatments, tailored synthesized yolk-shell, shell-in-shell, and yolk-double-shell hollow
structured PB can be successfully achieved.149, 150
The electrochemical performance of PB can be improved by introducing conductive carbon
as in the case of the other materials mentioned above. FeFe(CN)6/carbon cloth
nanocomposites were prepared through a facile solution precipitation method.151 When
applied as a cathode material for SIBs, the binder-free hybrid electrode demonstrated a
specific capacity of 82 mAh g-1 at the 0.2 C rate with 81.2% capacity retention after 1000
cycles and good rate capability, as shown in Figure 2.19 a-c. These excellent properties
benefited from several advantages of the electrode architecture, including the intimate contact,
sufficient penetration, accommodation of the strains, short Na+ and e- diffusion paths and
favourable charge-transfer kinetics. Similarly, fast and stable electrochemical cycling at low
temperature was achieved by a robust PB/carbon nanotube (PB/CNT) composite formed by
nucleating PB nanoparticles on CNTs (Figure 2.19 d-f).152 Due to the fast ionic/electronic
transport kinetics resulting from the excellent electrical contact between the anchored PB
nanoparticles and the liquid electrolyte, the PB/CNT composite showed capacity retention as
high as 81% and 86% of the initial values after 1000 cycles at 2.4 C at 0 and -25 °C,
respectively. The impact of vacancies on sodium storage and Na-insertion reaction kinetics in
the PBA framework was investigated based on an PB@C composite synthesized in situ as a
cathode for SIBs.153 The formulas of the as-prepared PB@C and bare PB were determined to
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be

Na0.647Fe[Fe(CN)6]0.93·0.07·2.6H2O

and

Na0.517Fe[Fe(CN)6]0.85·0.15·3.15H2O,

respectively. Theoretically, there are two stepwise reactions in the CV curves resulting from
the FeHS(N) couple at low potential and the FeLS(C) couple at high potential. While bare PB
exhibited only one plateau at low potential, delivering a capacity of 90 mAh g-1, the PB@C
electrode delivered a much higher capacity of 130 mAh g−1, resulting from the contribution
of FeLS(C) (Figure 2.19 g and h). The PB@C composite demonstrated outstanding cycling
stability and unprecedented rate capability (90 mAh g-1 at 20 C with 90% capacity retention
after 2000 cycles). Bare PB is an insulator with a band gap near the Fermi level. Its crystal
structure is distorted after Na+ insertion, and the valence states cross the Fermi level due to
the interaction between the Na+ ions and the FeHS(N) atoms (Figure 2.19i).
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Figure 2.19 SEM image with enlargement shown in inset (a), charge/discharge profiles at the
0.2 C rate (b) and rate performance (c) of FeFe(CN)6/carbon cloth nanocomposite.151 SEM
image of PB/CNT (d) and charge/discharge profiles at different temperatures (e) and for
selected cycles at -25℃ (f) at 0.1 C.152 Charge/discharge profiles of bare PB and PB@C at 50
mA g-1 (g), capacity contributions of the FeLS(C) couple and FeHS(N) couple at different
current densities for PB@C (h), and density-of-state spectra of bare PB before and after Na+
insertion (i).153 Schematic illustration of crystal structure during Na+ insertion (N, blue; C,
gray and Na, purple) with inset SEM image (j), charge/discharge profiles at 50 mA g-1 (k),
and rate performance (l) of BR-FeHCF.154
More
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Na1.95Fe[Fe(CN)6]0.93·0.07 (BR-FeHCF) was obtained through the use of sodium citrate
inhibitor and temperature control, as shown in Figure 2.19 j-l.154 According the ex-situ XRD
and Raman results, it was concluded that the SEI film formed on the surface of the electrode
protected it from continuous side reactions occurring at high voltage. The electrode also
demonstrated good rate performance enabled by its low energy barrier and high conductivity,
with a capacity of about 60 mAh g-1 at a 10 C rate. Ling et al. concluded that the most stable
Na+ interstitial site is the face-centred 24d site rather than the body-centred 8c site in
Fe[Fe(CN)6] based on calculations.158 The excellent electrochemical performance of
Na1.70FeFe(CN)6 was attributed to its nanoscale particle size, high Na content, and good
crystallinity.
2.6.2 MnFe(CN)6-type PBAs
Another substantively studied PBAs group is the family of Mn-based PBAs. Komaba’s group
studied four types of Na-rich PBAs, namely, Na1.58Mn[Fe(CN)6]0.80 (Na-MnHCFe),
Na1.28Fe[Fe(CN)6]0.88

(Na-FeHCFe),

Na1.44Co[Fe(CN)6]0.76
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Na1.20Ni[Fe(CN)6]0.65 (Na-NiHCFe), as determined by ICP analysis, which were prepared via
a precipitation method.159 Their interstitial water contents were estimated by TGA and
differential thermal analysis (DTA) to be 11.1%, 8%, 6.7%, and 9.8% for Na-MnHCFe, NaFeHCFe, Na-CoHCFe and Na-NiHCFe, respectively. It was found that the Na-MnHCFe
delivered a large reversible capacity of 126 mAh g-1 and the highest operation voltage owning
to the two redox potentials of Fe2+/3+ and Mn2+/3+ in its FeC6 and MnN6 octahedra.
Goodenough’s group also reported a 3.4 V rhombohedral Na1.72MnFe(CN)6 (NMHFC-1)
cathode and compared its performance with cubic structured Na1.40MnFe(CN)6 (NMHFC-2).
160

They proved that the low-spin FeIII/FeII couples and high-spin MnIII/MnII couples had

comparable energies, with the NMHFC-1 phase stabilizing the MnIII/MnII couple relative to
the FeIII/FeII couple.
Theoretical studies on structural evolution and the electrochemical mechanism of
NaxFeMn(CN)6 as cathode materials for SIBs were studied by several groups.161-164
Na1.32Mn[Fe(CN)6]0.83·zH2O (z = 3.0 for sample I and z = 2.2 for sample II) were
comprehensively studied through in operando XRD and XAS (Figure 2.20 a-c).161 Due to the
higher Na and water content, sample I initially showed a monoclinic structure (phase A),
while sample II presented a cubic structure (phase B). Na+ extraction only occurred within
one phase (phase A or phase B), while phase B and phase C (fully desodiated cubic phase)
could be simultaneously available for Na+ insertion during the discharging process, as
illustrated in Figure 2.20 c. Using density functional theory calculations, Henkelman’s group
studied the structural changes in the presence of lattice H2O and concluded that the
dehydrated Na2FeMn(CN)6 exhibited a phase transition from monoclinic to rhombohedral,
while the hydrated Na2FeMn(CN)6·2H2O retained its monoclinic structure during Na
intercalation (Figure 2.20 d-f).162 They argued that these phase transformations should be
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attributed to a competition between Na−N Coulombic attraction, d−π covalent bonding, and
Pauli repulsion.

Figure 2.20 (a) Visualization of the different phases for Na1.32Mn[Fe(CN)6]0.83·zH2O by
VESTA; (b) galvanostatic cycles from the 2nd cycle in a synchrotron cell for sample I (left)
and sample II (right); (c) illustration of the Na de(in)sertion mechanism in NaxMn[Fe(CN)6]y.
Phases A, B, and C are illustrated in blue, green, and orange, respectively.161 (d) Schematic
illustration of the structural transition from the monoclinic phase to the rhombohedral phase
of NaxFeMn(CN)6; (e) convex hulls for the sodiation of NaxFeMn(CN)6 (left) and
NaxFeMn(CN)6·2H2O (right); and (f) comparison of volume change between theory (left) and
experiment (right) for dehydrated or hydrated NaxFeMn(CN)6.162
A ClO4--doped polypyrrole coated Na1+xMnFe(CN)6 composite (NMHFC@PPy) was
synthesized through a one-step soft chemistry method.165 The ClO4- and Na+ ions were doped
into the NMHFC crystals during the polymerization process (Figure 2.21a). ClO4- can
function as a dopant to enhance the electronic conductivity, provide active sites for sodium
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storage, and increase the capacity of the material. Moreover, polypyrrole (PPy) can act as
both a conductive coating layer and a protective layer to increase the electronic conductivity
and reduce the Mn dissolution into the electrolyte of NMHFC, thus effectively improving the
rate capability and cycling performance of NMHFC. The effect of interstitial H 2O on the
structural evolution and electrochemical properties of Na2MnIIFeII(CN)6 was investigated by
Goodenough’s group.166 Ex-situ XRD revealed that M-Na2−δMnHCF first experienced a
monoclinic phase to cubic phase transformation upon Na+ extraction duringthe charging
process, which then changed to tetragonal symmetry and showed a Jahn-Teller distortion of
the MnIIIN6 octahedra with the smallest volume (Figure 2.21b). The single monoclinic phase,
however, could not be recovered. On the other hand, with the removal of Na+ ions, the
intensity of the ex-situ XRD peaks of rhombohedral (R)-Na2−δMnHCF decreased with the
formation of a second Na-poor phase that further evolved to a tetragonal structure when the
Na+ ions were fully extracted, and this structural evolution was highly reversible (Figure
2.21c). The redox potentials of Fe2+/3+ and Mn2+/3+ were separated when interstitial water was
introduced into the system. The authors stated that three competing factors determined the
electrochemical profile of a transition metal electrode, namely the ionization energies, the
spin states, and the crystal field in the framework. The rate performances of some reported
PB cathodes were summarized by Jiang’s group, as shown in Figure 2.21d.153
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Figure 2.21 (a) Schematic illustration of the structural evolution of NMHFC during the
cycling process (top), and cycling performances of NMHFC and NMHFC@PPy (bottom).165
(b) Schematic illustration of structural evolution during Na+ extraction and insertion (top),
and ex-situ XRD patterns of the first cycle (bottom) for M-Na2-δMnHCF; and (c) schematic
illustration of structural evolution during Na+ extraction and insertion (top), and ex-situ XRD
patterns of the first cycle (bottom) of R-Na2-δMnHCF.166 (d) Rate performances of some
reported PB cathodes.153

83

Chapter 3 Experimental Methods

Chapter 3 Experimental Methods
3.1 Experimental procedures
Figure 3.1 illustrates the experimental procedures used in this doctoral work. Firstly, different
kinds of cathode materials were synthesized via various routes that are easy to be scaled up,
such as the sol-gel method, the ball-milling method, etc. After that, various physical
characterization techniques were carried out to initially examine their basic properties of the
as-prepared samples, including X-Ray diffraction (XRD), scanning/transmission electron
microscopy (SEM/TEM), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), etc.
Then, the as-obtained materials were mixed with conductive carbon black and binder to form
the electrodes for electrochemical tests. Finally, these materials were further characterized
with more advanced techniques such as in-situ synchrotron XRD, in-situ X-ray absorption
spectroscopy (XAS), density functional theory (DFT) studies, etc.

Figure 3.1 Outline of the investigation process in the thesis.

3.2 Chemicals and materials
The chemical agents in this doctoral work are summarized in Table 3.1.
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Table 3.1 Chemical agents used in this doctoral work.
Chemicals

Formula

Purity

Supplier

(CH2CF2)n

N/A

Sigma Aldrich

C8H16NaO8

N/A

Sigma Aldrich

Aluminium foil

Al

N/A

Vanlead Tech

Copper foil

Co

N/A

Vanlead tech

Polyvinylidene

Fluoride

(PVDF)
Carboxymethyl

cellulose

(CMC)

Timcal
Carbon black

C

graphite&

Super P
carbon

Ethanol

C2H5OH

Reagent

Q-store, Australia

Ethylene carbonate (EC)

C3H4O3

99 %

Sigma Aldrich

Propylene carbonate (PC)

C4H6O3

99 %

Sigma Aldrich

Sodium perchlorate

NaClO4

98 %

Sigma Aldrich

C3H3FO3

99 %

Sigma Aldrich

Graphite

C

99.9 %

Sigma Aldrich

Sodium metal

Na

99.9 %

Sigma Aldrich

CR2032 type coin cells

N/A

N/A

China

Pyrrole

C4H5N

98

Sigma Aldrich

Fluoroethylene

carbonate

(FEC)
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Lithium metal

Li

99.9 %

Sigma Aldrich

LiPF6

99 %

Sigma Aldrich

Diethyl carbonate (DEC)

C5H10O3

99 %

Sigma Aldrich

Q-water

H2O

99.999 %

Thermo Fisher

Cr2(SO4)3·6H2O

99 %

Sigma Aldrich

Cr(NO4)3·9H2O

99 %

Sigma Aldrich

Nickel sulfate hexahydrate

NiSO4·6H2O

99 %

Sigma Aldrich

Nickel nitrate hexahydrate

Ni(NO3)2·6H2O

99 %

Sigma Aldrich

MnSO4·H2O

99 %

Sigma Aldrich

Mn(CH3COO)2·4H2O 99 %

Sigma Aldrich

Manganese nitrate solution

Mn(NO3)2

50 wt. %

Sigma Aldrich

Lithium carbonate

Li2CO3

99.5 %

Sigma Aldrich

Lithium nitrate

LiNO3

99.5 %

Sigma Aldrich

Sodium carbonate

Na2CO3

99.5 %

Sigma Aldrich

Fe (II) oxalate dihydrate

FeC2O4·2H2O

99 %

Sigma Aldrich

Lithium
hexafluorophosphate

Chromium

sulfate

hexahydrate
Chromic

nitrate

nonahydrate

Manganese

sulfate

monohydrate
Manganese

acetate

tetrahydrate
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Diammonium

hydrogen
(NH4)2HPO4

98 %

Sigma Aldrich

Stearic acid

CH3(CH2)16COOH

98.5 %

Sigma Aldrich

Fe (II) sulfate heptahydrate

FeSO4·7H2O

99 %

Sigma Aldrich

Sodium sulfate decahydrate

NaSO4·10H2O

99 %

Sigma Aldrich

Sodium acetate

NaCH3COO

99 %

Sigma Aldrich

Glucose

C6H12O6

99.5 %

Sigma Aldrich

Fe (II) acetate

Fe(CH3COO)2

99 %

Sigma Aldrich

C10H16N2O8

99 %

Sigma Aldrich

C19H42BrN

99 %

Sigma Aldrich

Trisodium citrate

Na3C6H5O7

99 %

Sigma Aldrich

Ethylene glycol

C2H6O2

99 %

Sigma Aldrich

Fe (Ш) chloride

FeCl3·6H2O

98.5 %

Sigma Aldrich

phosphate

Ethylenediaminetetraacetic
acid (EDTA)
Cetyltrimethylammonium
bromide (CTAB)

3.3 Materials preparation
3.3.1 Ball-milling method
Ball milling is a commonly used method for mixing raw materials and producing alloys from
powders. Different grinding media (ball and jar) play various roles when the ball milling
process is undertaken. Generally speaking, the grinding balls are required to be larger than
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the biggest raw particles that need to be ground. Also the weight ratio between the balls and
the total raw materials are required to be in the range of 5:1 to 40:1. The grinding media
should also have high hardness, since during the mechanical milling process, hard compacted
regions cannot be neglected.
The ball-milling method has unique advantages that are suitable for large-scale materials
manufacturing. The cost of installation and electricity consumption are low, and batch
consistency can be easily achieved. The ball milling machine used in this thesis is shown in
Figure 3.2.

Figure 3.2 The ball milling machine in this doctoral work.
3.3.2 Sol-gel method
The sol-gel method is commonly adopted wet-chemical technique for fabricating materials.
The sol (or solution) evolves gradually towards a gel-like network with a quasi-solid phase
that is achieved by many different means. The pre-obtained sol enables all the constituents to
be dispersed at the atomic level.
3.3.3 Co-precipitation method
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Co-precipitation (CPT) is a widely used chemical process in which the targeted products can
be obtained through the contact between a mixed solution and a precipitator under specific
conditions (such as temperature, concentration, pH values, etc.). This method has been
successfully commercialized for electrode fabrications for LIBs. In this doctoral investigation,
the CPT method was used to prepare the precursor for positive electrodes for LIBs.
3.3.4 Freeze-drying method
Freeze-drying is a special water removal process typically used to protect perishable
materials or maintain the morphology of the material. It also can convert the soluble materials
to the solid state, which can be convenient for transportation of materials. The material
(normally in the liquid state) is first frozen at low temperature, the pressure is then decreased,
and extra heat is added to allow the frozen water to sublimate continuously. In this thesis, the
freeze-drying method is used to fabricate the precursor for positive electrodes for SIBs.
3.3.5 Spray pyrolysis method
Spray pyrolysis combines the thermal decomposition of materials with solution removal at
elevated temperature in an inert atmosphere. The solution is sprayed from the sprayer nozzle
of the apparatus and aerosolized at the same time. Then, the atomized droplets will be in
contact with the heated gas flow, and the organic compounds will begin to polymerize with
instant solution removal. Then, the dried precursor can be obtained at the bottom of the
equipment. The spray pyrolysis method is heavily used in the chemical industry, since it is a
very convenient way to produce large amounts of materials with high quality. In this thesis,
the spray pyrolysis method is used to fabricate the precursor for positive electrodes for LIBs.
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3.4 Physical and chemical characterization techniques
3.4.1 X-ray diffraction
X-Ray diffraction (XRD) is the most basic technique to identify the crystal structure of a
material. It follows Bragg’s law:
2dsinθ = nλ

(3.1)

Where d is the distance between adjacent crystal planes, θ is the incident angle, n is an
integer, and λ is the wavelength of the generated X-rays. XRD is a rapid way to preliminarily
determine the phase constitution of a sample with a particular symmetry. When a generated
X-ray hits the surface of the specimen, it will be scattered by the existing lattice planes with
specific angles, shapes, and heights. This phenomenon is called elastic scattering.
3.4.2 Synchrotron XRD
Synchrotron radiation − X-ray powder diffraction (SR-XRPD) is based on a totally different
light source compared to the X-rays that laboratory XRD can generate. It is at least 5 orders
of magnitude more intense than the best laboratory X-ray source. The high purity X-rays are
emitted from the tangential direction of the high speed accelerated electron beam (very close
to light speed) in the storage ring in a synchrotron facility. SR-XRPD offers several state-ofthe-art advances such as high photon wavelength resolution, tuneable photon energy, and
ultra-fast data collection with high number counting statistics. In this doctoral work, the SRXRPD was conducted at both the Australian Synchrotron Powder Diffraction Beamline and
the P02.1 Powder Diffraction Beamline at the DESY Synchrotron, Germany.
3.4.3 X-Ray absorption Spectroscopy
X-Ray absorption spectroscopy (XAS) is a widely used technique for ascertaining the local
geometric and/or electronic structure of materials. XAS is normally based on a synchrotron
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radiation facility, using tuneable photon energy. The K-edge, L-edge, and M-edge are usually
examined, depending on what core electrons are excited. Three main edges can be found by
XAS data: (i) the pre-edge region; (ii) the X-ray absorption near-edge structure (XANES) in
the range from 10 to 150 eV; and (iii) the extended X-ray absorption fine structure with
higher incident energies. In this thesis, we conducted in-situ XAS to examine the positive
electrodes for SIBs.
3.4.4 Scanning electron microscopy equipped with energy dispersive spectroscopy
Scanning electron microscopy (SEM) is a typical kind of electron microscopy, in which
images of samples can be obtained from backscattered electrons by employing a high-energy
beam. When the accelerated electrons reach the surface of a sample, various signals such as
secondary electrons (SE) and backscattered electrons (BSE) can be obtained, and they can
help us to image the sample morphology as well as its electrical conductivity.
Usually, an SEM is equipped with other kinds of detectors with further analytical capabilities
(for instance, energy dispersive X-ray spectroscopy (EDS)). EDS is a powerful elemental
analysis tool that offers relatively accurate determination of elements ratio and mapping
results. Its characterization capabilities rely on specific signal responses encoded in the
generated X-ray beam, since each element has a unique atomic response. In this doctoral
work, investigations of the morphologies and elements ratios of samples, as well as the
mapping results, were carried out with field emission SEM (FESEM, JEOL JSM-7500FA).

3.4.5 Transmission electron microscopy
Transmission electron microscopy (TEM) is an advanced microscopy technique in which an
accelerated high energy beam is generated and transmitted through a thin particle or sample.
The collected image will give information on the interaction between specimen and beam.
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The beam is generated from a high voltage source (typically 100-300 kV). the selected area
electron diffraction (SAED) facility that is incorporated with a TEM can be very helpful for
identifying the detailed crystal structure and determining any crystal defects, or with the
double-tilt bar, the SAED technique can reconstruct the crystal structure in 3D space using
step-by-step tilting skills.
3.4.6 Scanning transmission electron microscopy
Scanning transmission electron microscopy (STEM) is an important type of transmission
electron microscopy. It is TEM equipment with additional scanning coil detectors and the
necessary circuitry. With the double spherical aberration, real atomic level images can be
clearly obtained in a raster illumination system. It has a wide range of accelerating voltage
from 80 kV to 300 kV, which can result in less beam damage when the sample is unstable.
With tdifferent apertures and positions of cameras, additional high-angle annular dark-field
(HAADF) images and annular bright-field (ABF) images can be obtained showing
discrepancies due to different Z-contrast. Other techniques such as energy dispersive X-Ray
spectroscopy (EDS) and electron energy loss spectroscopy (EELS) can be available with the
equipped modules.
3.4.7 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique for determining
physical and chemical information on the surface in the as-received state or after further
treatments. XPS spectra are received via irradiating a specimen with the generated X-ray
beam while measuring the number of escaped electrons form the surface (typically 0-10 nm)
with specific kinetic energies. In this thesis, the XPS spectroscopy was carried out with a
SPECS PHOIBOS 100 Analyser with Al Kα radiation (hv = 1486.6 eV, 12 kV, and 120 W).

92

Chapter 3 Experimental Methods

All the XPS data were processed with a commercial CasaXPS 2.3.15 software package. All
the spectra were calibrated with the C 1s peak (284.6 eV).
3.4.8 Raman spectroscopy
Raman spectroscopy is generally used in material science to provide the fingerprints of
individual molecules. The vibrational, rotational, and low-frequency modes can be separately
detected in each Raman shift. Specifically, it is used to confirm the identification of asprepared materials and examine the graphitization content of carbon. Also, the fingerprints of
the as-obtained materials are located in the 500-2000 cm-1 range of Raman shifts. In this
thesis, Raman spectra were collected via a JOBIN Yvon Horiba Raman 57 Spectrometer
model HR800.

3.4.9 Fourier Transform Infrared Spectroscopy
Fourier Transform Infrared spectroscopy (FT-IR) is a common technique based on the
absorption of vibrated functional groups. It is used to collect the data from an infrared region,
which can be considered as the main region of emission, absorption, and photonconductivity.
FT-IR is similar to Raman spectroscopy, although it shows more intense signals from the
functional groups, since the absorption is enhanced by the infrared light source. In this
doctoral work, a Nicolet Avatar 360 FTIR Fourier transform infrared spectrometer was
employed to produce FT-IR spectrographs.
3.4.10 Mössbauer spectroscopy
Mössbauer spectroscopy is an advanced technique based on the Mössbauer effect to
determine the magnetic properties and oxidation state of a specimen. Isomer shifts,
quadrupole splitting, and magnetic hyperfine splitting can be detected during the tests,
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although only limited elements can show the Mössbauer effect (Fe, Ni, Zn, Ru, etc.). In the
thesis, the

57

Fe Mössbauer spectra of samples were collected at room temperature using a

57

Co/Rh source.

3.4.11 Physical properties measurement system
A physical properties measurement system (PPMS) is based on a common technique that can
offer physical and analytical chemistry in material science. It can provide information on a
wide range of magnetic, thermal, and electronic properties for a specimen. In this doctoral
work, the temperature range was set between 5 K to 300 K, and the magnetic field was set
from -2000 Oe to 2000 Oe.
3.4.12 Thermogravimetric analysis
Thermogravimetric analysis (TGA) is a thermal analysis tool to investigate the changes with
temperature variation. It depends on a function of temperature and time. The weight loss
(gain) and heat loss can be measured at the same time in air or Ar atmosphere. In this thesis,
TGA were performed by employing a Mettler Toledo TGA/DSC1 I with both air and Ar
atmospheres.
3.4.13 Brunauer-Emmett-Teller
The Brunauer-Emmett-Teller (BET) method is an important tool to analyse the physical
absorption of gas molecules and the specific area of a material. BET testing is carried out
with liquid nitrogen (77 K) over different relative pressures. The pore size distribution can be
calculated by Barrett-Joyner-Halenda (BJH) method (P/P0 = 0.99). In this thesis, the
Brunauer–Emmett–Teller (BET) testing was carried out using a Micromeritics Tristar II 3020
surface area analyser.
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3.5 Electrochemical measurements
3.5.1 Electrode preparation and battery assembly
Electrodes were prepared by mixing the active materials, conductive carbon black, and binder
(PVDF or CMC) in certain weight ratios, using 1-methyl-2-pyrrolidinone (NMP) as solvent.
Then, the electrode slurry was coated on copper foil or aluminium foil, which was followed
by drying in a vacuum oven overnight at 120 °C. After that, the electrode was punched into
small round single electrodes with a pressure of 20 MPa. The average loading mass for each
small electrode was around 2.0 mg cm-2. Then, the electrodes were assembled in 2032-type
coin cells in an high purity Ar-filled glove box. Sodium metal was cut via doctor blade
technique from bulk sodium cubic metal, and the sodium metal was used as the anode
material and counter electrode. A schematic illustration of the half-cell SIB is displayed in
Figure 3.3. Glass fiber was used for the separator in the half-cell with three to four drops of
electrolyte dropped in. Finally the coin cell was sealed with pressure.

Figure 3.3. Schematic illustration of Na half-cell assembly.
3.5.2 Cyclic voltammetry
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Cyclic voltammetry (CV) is an important electrochemical technique that is widely used to
test a wide range of redox reactions. It can observe the specific electrochemical activity of
particular electrode materials, and it also can determine the stability of the resultant products,
potential reactions, and electron transfer kinetics with reversibility. CV curves are also
helpful for determining the electron stoichiometry and corresponding diffusion coefficient of
certain element ions. In addition, CV can help to calculate the contribution of
pseudocapacitance to the total current at specific scanning rate. CV curves are often displayed
as hysteresis loops in the selected voltage range with various scanning rates, and the response
current will be collected at the same time. In this doctoral work, the CV tests are based on the
Biologic VPM3 electrochemical workstation. All the CV curves shown in this thesis are
based on a two-electrode model.
3.5.3 Galvanostatic charge-discharge
Galvanostatic charge-discharge measurements were all carried out in constant current mode
to test the electrochemical performance at various current densities in the selected voltage
window. Also, the rate capability can be tested at the same time using the higher current
densities. In addition, we conducted a constant voltage charge process at the cut-off voltage
to eliminate the electrochemical polarization. What is more, the galvanostatic intermittent
titration technique (GITT) technique also can be performed with designed procedures using
galvanstatic charge-discharge measurements. In this doctoral work, galvanostatic chargedischarge measurements were conducted with both an automatic battery tester system (Land®,
Wuhan, China) and a NEWARE battery system (Neware® Battery Testing Instruments).
3.5.4 Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) is an important experimental technique to
examine the internal resistance of the as-assembled SIBs. EIS can be used to determine the
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charge transfer resistance, surface resistance, double layer capacitance, and ohmic resistance.
Generally speaking, the impedance spectrum of a coin cell consists of a semicircle in the high
frequency region and a linear tail in the low frequency region. The semicircle can be
considered as due to the presence of charge transfer resistance in a kinetic process, and the
linear tail is attributed to the diffusion of alkali ions in the bulk electrodes. In this doctoral
work, EIS data were collected with a Biologic VPM3 electrochemical workstation.

3.6 Theoretical calculations
3.6.1 First-principles calculations
First principles calculation is a widely used calculation tool to determine the physical and
chemical properties of a material in a theoretical way. It is usually based on density
functional theory (DFT), which relies on the spatially dependent electron density. By
providing a basic model of a certain crystal structure, the energy barriers, the influence of
inserted functional ions or groups, and the interfacial binding energies are able to be
calculated or predicted. DFT is supported by many quantum chemistry and solid state physics
software packages, often along with other methods. In this doctoral work, the DFT studies
were performed via a Vienna Ab initio Simulation (VASP®) software package.
3.6.2 Bond valence method
The bond valence (BV) method or bond valence sum (BVS) is a popular method in the
research field of coordination chemistry to evaluate the oxidation state of atoms. It also can
estimate the lowest energy of electrons in a given crystal structure or the possible active areas
of selected elements. In this thesis, the bond valence method using soft-BV parameters was
used to determine the lowest energy areas that the electrons can possibly occupy.
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Chapter 4 Understanding Performance Differences from Various Synthesis
Methods: a Case Study of Spinel LiCr0.2Ni0.4Mn1.4O4 Cathode Material

High voltage (5 V–class) spinel LiCr0.2Ni0.4Mn1.4O4 is one of the most promising cathode
materials to meet the energy requirements of lithium-ion batteries for electric vehicles and
hybrid electric vehicles. For the mass production of this material (1 kg or higher), different
synthesis routes will lead to different electrochemical performances, even with similar
morphology and similar crystal structure obtained from laboratory X-ray diffraction, and the
reason for this issue is still not clear. Herein, we have investigated the reasons for the
different electrochemical performances resulting from three common synthesis routes (spray
pyrolysis, co-precipitation, and sol-gel). Taking advantage of the high-resolution X-ray beam
in synchrotron X-ray diffraction, we find that varying phase composition as well as the
generated impurities, rather than the particle distribution, are likely to be the main reasons for
the detected electrochemical variations. A higher amount of impurities will result in greater
charge transfer resistance, inferior cycling stability, and more oxygen/lithium vacancies.
Therefore, it is very important to obtain a deeper understanding with the help of higherresolution X-rays and to provide better guidance for mass production of this cathode material
for practical applications.

4.1 Introduction
Nowadays, the wide use of electric vehicles (EVs) has led to high consumption of positive
materials for lithium ion batteries (LIBs).167, 168 Layered and spinel metal oxides have been
widely investigated as the dominant candidates for dynamic battery pack application because
of their higher energy densities and better low-temperature properties when compared to
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commercial LiFePO4.169 Among them, the 5 V class spinel LiNi0.5Mn1.5O4 is one of the best
choices due to its high Ni2+/Ni4+ redox reaction at 4.7 V vs. Li+/Li , its three-dimensional Li+
diffusion pathways, and its excellent reversible capacity (~130 mAh g-1).170-172 It can also
promote commercial utilization of some anode materials which have better safety, but a
relatively higher voltage plateau, such as spinel Li4Ti5O12.173
LiNi0.5Mn1.5O4 spinel has two types of space group, Fd-3m and P4332.174, 175 Most of the
reported synthesized spinel structures are disordered and non-stoichiometric, with some
oxygen deficiency.176 The disordered spinel structure belongs to the face-centered cubic form
(FCC, Fd-3m space group), with randomly distributed Ni2+ and Mn4+ ions in 16d octahedral
sites.177 It has been determined that the Fd-3m space group exhibits better cycling and rate
performances because of lower Li+ energy barriers compared with the primitive simple cubic
form (SC, P4332 space group, Ni2+ and Mn4+ in 4b and 12d octahedral sites).178 Nevertheless,
the electrochemical properties of LiNi0.5Mn1.5O4 are subject to various factors, such as Mn3+
content, morphology, impurities, structural stability, etc.179, 180 Partial substitution on Ni and
Mn sites by some transition metal elements, such as Ru181, Cr182, 183, and Ga183, 184, can be
considered as one of the most effective ways to obtain better electrochemical performance.185,
186

The introduction of transition metal elements on 16d octahedral sites not only can favour

the formation of pure bulk Fd-3m phase, but also provides a robust, more stable interface
layer when the cathode is charged at 5.0 V or higher.177, 187, 188 The Coulombic efficiency is
also promoted, because more rearranged tetrahedral or octahedral vacancies emerge after the
initial cycle.189, 190. In addition, according to Maria’s group, doping with certain cations can
help to remedy voltage suppression effects between the Ni-rich and Ni-poor regions.191
Therefore, in this paper, we have adopted the widely discussed LiCr0.2Ni0.4Mn1.4O4 spinel
structure as the target for investigation.

99

Chapter 4 Understanding Performance Differences from Various Synthesis Methods: a Case Study of Spinel LiCr 0.2Ni0.4Mn1.4O4 Cathode Material

One of the most important issues, as mentioned above, is finding a suitable synthesis
method for LiCr0.2Ni0.4Mn1.4O4. Satisfactory electrochemical performance can only be
obtained by carefully designed synthesis procedures. Up to now, many successful synthesis
routes, leading to various electrochemical performances and morphologies, have been
reported, such as the solid state method,192, 193 co-precipitation method,194, 195 spray pyrolysis
method,196,

197

thermal polymerization method,29,

198

sol-gel method,199,

200

molten salt

method,201 etc., and through these synthesis methods, different electrochemical performances
have been obtained. Most of the synthesized spinels crystallized well without impurities that
were detectable using laboratory X-ray diffraction (XRD), and their electrochemical variety
was generally attributed to the different morphologies, side reactions, etc.202-205 Even so, the
formation of undesirable impurities such as LixNi1-xO and the emergence of unwanted multiphase compounds, e.g. LiCr1-xMn2-xO4, can also degrade the electrochemical properties of
LiCr0.2Ni0.4Mn1.4O4 material,178,

195, 206

and the amounts of impurities have a strong

relationship with the different synthesis routes.175, 207 The multi-phase compounds are usually
hardly discernible due to the low-energy X-rays of a laboratory- scale diffractometer. Hence,
in this paper, with the help of high energy synchrotron XRD, we have systematically
investigated how the three most widely used methods in industry (co-precipitation, sol-gel,
and spray pyrolysis) influence the atomic arrays in the crystals and generate impurities, which
may lead to different crystal structures as well as different electrochemical performances.

4.2 Experimental section
The positive material LiCr0.2Ni0.4Mn1.4O4 was fabricated by three selected synthesis
methods which are relatively available and low-cost when scaled up for mass production
(spray pyrolysis, co-precipitation, and sol-gel), and the samples were denoted as NM-sp, NMcp, NM-sg, respectively. Stoichiometric amounts of the chromium source (Cr2(SO4)3·6H2O,
99 % and Cr(NO3)3·9H2O, 99 %), nickel source (NiSO4·6H2O, 99 %, and Ni(NO3)2·6H2O,
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99 %), manganese source (MnSO4·H2O, 99 %, Mn(CH3COO)2·4H2O, 99%, and Mn(NO3)2,
50 wt % solution), and lithium source (Li2CO3, 99.5%, and LiNO3, 99.5%) were employed to
fabricate the spinel LiCr0.2Ni0.4Mn1.4O4. (All samples had masses of 1- 1.5 kg.) All the
chemicals were analytical reagent grade (AR), and purchased from Sigma-Aldrich Co. LLC.
The detailed synthesis routes we adapted have been widely introduced in many previous
papers.176 Simply speaking, for NM-sp, a mixed solution (LiNO3, Mn(NO3)2, Ni(NO3)2·6H2O,
and Cr(NO3)3·9H2O) of all the reagents was pumped into the spray pyrolysis equipment, the
air temperature was set at 350℃, and the precursor was then obtained from the cyclone
separator. For NM-cp, the mixed solution (Cr2(SO4)3·6H2O, NiSO4·6H2O, MnSO4·H2O)
without lithium was added dropwise to ammonia, which acted as the complexing agent.
Na2CO3 was also added dropwise to the reactor, and the pH was carefully controlled around 8.
The product was washed several times, and (Cr0.2Ni0.4Mn1.4)2(CO3)7 precursor was obtained
Then, a stoichiometric amount of Li2CO3 was added, followed by five minutes of high energy
ball milling. For NM-sg, the mixed solution (LiNO3, Mn(CH3COO)2·4H2O, Ni(NO3)2·6H2O,
Cr(NO3)3·9H2O) with a proper amount of organic complexing agent (citric acid, C6H8O7,
99%) was heated in a water bath at 95 ℃. The resultant viscous solution was then heated at
120 ℃ in a vacuum oven overnight and ground into powder, yielding a fine precursor. All asprepared precursors were sintered at 900 ℃ for 6 h in air.
X-ray diffraction (XRD) was performed on a diffractometer (PW-1730, Philips, Cu Kα, λ
= 1.5406 Å) with a step size of 0.026 °/s in the 2θ range of 10-70 ° (scan rate: 1 ° per minute).
Rietveld refinement of the XRD was carried out via GSAS-II software.208 Thermogravimetric
analysis (TGA) was performed on a thermogravimetric analyzer (NETZSCH, TG 2091) with
a heating rate of 10 ℃ per minute in air. The specific surface area was determined by the
Brunauer Emmett Teller (BET, Quadrasorb SI) technique (outgassed overnight at 200 ℃
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before nitrogen adsorption measurements). X-ray photoelectron spectroscopy (XPS, Al Kα,
SPECS PHOIBOS 100 Analyzer) was used to detect the binding energies of Mn, Ni, and Cr.
The morphologies were measured by scanning electron microscopy (SEM, JOEL JSM-7500)
equipped with energy-dispersive X-ray spectroscopy (EDS), the microstructures of different
samples were examined, and selected area electron diffraction (SAED) patterns collected
through transmission electron microscopy (TEM and high resolution TEM (HRTEM)，JEM2100). Both the Fourier transform infrared spectroscopy (FT-IR, Thermo Nicolet Nexus 670
FT-IR spectrometer with a spectral resolution of 4 cm-1) and Raman spectroscopy (JY HR800
Spectrometer, 10 mW helium/ neon laser at 632.8 nm) were used to determine the
order/disorder structure of the nickel-manganese spinel. The contents of the different
elements were examined by inductively coupled plasma/ atomic emission spectrometry
(ICP/AES, Optima 7300DV, Perkin Elmer). Synchrotron powder diffraction data were
collected at the Australian Synchrotron beam line with a wavelength (λ) of 0.7747 Å, using
the standard reference material (National Institute of Standards and Technology (NIST) LaB6
660b).
The positive materials were fabricated by mixing the synthesized LiCr0.2Ni0.4Mn1.4O4,
acetylene black, and polyvinylidene fluoride (PVDF) with mass fractions of 80 %, 13 % , and
7 % and depositing the slurry on Al foil. Then, the electrode was transferred to a vacuum
oven for drying for around 10 h. The loading of the active material on each Al foil current
collector was 4-5 mg. The electrochemical properties were obtained using a CR2032 coin cell,
which was assembled via the mixed positive material as cathode, Li metal anode, and porous
Celgard 2400 used as separator. The electrolyte (LBC3045B) consisting of 1 M dissolved
hexafluorophosphate (LiPF6), ethylene carbonate (EC), and other additional agents, was
produced by the CAPCHEM Company. All the coin cells were assembled in a glove box
filled with ultra-pure argon. The voltage window was set between 3.6-5.0 V with different
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current densities, and 1 C = 140 mA g-1. Electrochemical impedance spectroscopy (EIS) was
employed in the range of 100 kHz to 10 MHz, and the amplitude of the AC voltage was 5 mV.

4.3 Results and discussion
From the laboratory XRD results in Figure 4.1a–c, it can be seen that all the pristine samples
show typical spinel structured patterns, with the strongest reflections of (111) crystal planes
located around 4.7 Å (d-space). All the characteristic peaks can be indexed to LiNi0.5Mn1.5O4
(Fd-3m, JCPDS#80-2162), and the three as-obtained samples could also be confirmed as
belonging to the Fd-3m space group.209
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Figure 4.1. Comparisons between laboratory XRD and synchrotron XRD of three asprepared samples, (a) NM-sp, (b) NM-cp, and (c) NM-sg. The inset pictures are the enlarged
patterns for d-space from 2.2 Å to 1.8 Å of NM-sp, NM-cp and NM-sg, respectively.
Owing to the low intensity of X-rays from the laboratory level diffractometer, however, there
are no obvious differences in the Cu-Kα XRD patterns. By taking advantage of the highresolution X-ray beam in synchrotron XRD, it can be clearly observed that the NM-sp sample
has multiple impurities, which have been marked by the green boxes in Figure 4.1a. These
multiple impurities can be indexed to LiCrxMn2-xO4 and LiyNi1-yO (Figure 4.2a), which can
also be denoted by a joint name, rock-salt phase.179 It is worth noting that the (111) reflection
of NM-sp in Figure 4.2a shows obvious peak splitting. This phenomenon can be explained by
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the gen-erated secondary phase (same space group with main phase) according to the
Rietveld refined results in Table 4.1.

Figure 4.2 Rietveld refinement results using GSAS-II software of the synchrotron XRD data:
(a) NM-sp; (b) NM-cp; (c) NM-sg, respectively.
NM-cp has a much lower content of the impurities mentioned above, with only a small
amount of indexed LiyNi1-yO (Figure 4.2b), near the (222) and (400) reflections. As for NMsg, almost no impurities could be detected, except for tiny traces of Li yNi1-yO near the (400)
reflection (Figure 4.2c), which means that it has the purest phase. From Table 1, it can be
seen that the fraction of rock-salt phase of NM-sp is the largest one, and its lattice parameter
(α) also shows the same tendency.
Table 4.1 Rietveld refinement results for NM-sp, NM-cp, and NM-sg. wRp is the weighted
profile R-factor.
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Spinel phase (Space group Fd-3m)

a (Å)

NM-sp
NM-cg
NM-sg

8.176(7)
8.175(5)
8.173(5)

Vol (Å3)

546.68(1)
546.44(0)
546.03(9)

wRp
%
11.40
7.20
5.38

Phase fraction
(mole) %
86.63
92.31
95.08

Rock-salt phases
Li/TM
disorder %
6.15
8.20
4.01

LiCrxMn2-xO4
(Space group Fd-3m)

LiyNi1-yO
(Space group Fm3m)

a (Å)

Phase fraction
(mole) %

a (Å)

Phase fraction
(mole) %

8.198(1)
8.196(2)
8.191(8)

4.39
3.70
1.35

4.117(1)
4.101(2)
4.099(8)

8.98
3.99
3.57

This may result in a severe deviation in the stoichiometry of LiCr0.2Ni0.4Mn1.4O4, leading to
unsatisfactory cycling stability owing to a large amount of Mn3+ ions as a result of the
principle of electroneutrality.183 The thermogravimetric data of NM-sp also show a detectable
mass loss above 700 °C, which is possibly owing to the oxygen loss at high temperature
caused by the impurities.
Figure 4.3a–c shows the morphologies of the as-prepared samples of NM-sp, NM-cp, and
NM-sg, respectively. It can be seen that three samples have almost the same particle
distribution status without any obvious secondary particle aggregation. The fitted X-ray
photoelectron spectra (XPS) in Figure 4.3d–f show that the fitted peak position of Mn 2p3/2
shifts towards lower binding energy (from NM-sp to NM-sg). There is no obvious shifting of
Cr 2p3/2 or Ni 2p3/2 (as shown in Figures 4.4). The magenta short dashed lines in Figure 4.3d–
f indicate the locations of the band energy of Mn4+ (641.9 eV) and the band energy of Mn3+
(643.2 eV), respectively, while the corresponding integral regions of the respective fitted
peak curves can be considered as a semi-quantitative measurement for the evaluation of Mn3+
concentrations.210 The calculated proportions of the Mn3+ integral regions of NM-sp, NM-cp,
and NM-sg are 28.2 %, 25.3 %, and 23. 5%, respectively, also corresponding to the decrease
of impurities.
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Figure 4.3 SEM images of three as-obtained samples: (a) NM-sp, (c) NM-cp, and (e) NM-sg.
X-ray photoelectron spectra (XPS) of Mn 2p3/2 with fitted curves for: (b) NM-sp, (d) NM-cp,
and (f) NM-sg.
HRTEM was employed to obtain more detailed information about the crystal structures. To
simplify, we chose the samples of NM-sp and NM-sg as our investigation targets according
to the synchrotron XRD results. From Figure 4.5a–b, the lattice fringes of NM-sg and NM-sp
are clearly to be seen.
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Figure 4.4 X-ray photoelectron spectra (XPS, surface, Ni 2p3/2 (left) and Cr 2p3/2 (right)) of
the three as-obtained samples.

The (111) plane and (2–20) plane are observed and measured for both samples, and the dspaces of the planes of NM-sp are larger than those of NM-sg, which in good correspondence
with the Rietveld refined data in Table 1. Analyses of the SAED patterns show that most
particles are single cubic structures. However, when we carefully examine the magnified
images of the red dotted areas, it can be found that the atomic arrays of the two selected
samples are slightly different. In Figure 4.5c, there are detectable dark spots (marked as green
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circles) in the intervals of the main crystal lattice (111 plane), while in Figure 4.5d no
perceptible dark spots can be pointed out. These dark spots should be the oxygen/lithium
vacancies existing in the sample of NM-sp.

Figure 4.5 HRTEM images of (a) NM-sp and (b) NM-sg. The insets are the corresponding
SAED patterns of NM-sp and NM-sg in the [–1–12] zone and [11–2] zone, respectively. The
magnified images corresponding to the red dotted rectangular areas are displayed in (c) and
(d). The linear energy dispersive X-ray spectroscopy (EDX) of (e) NM-sp and (f) NM-sg
from the crystal surface to the bulk.
The high-angle annular dark-field imaging (HAADF) image of NM-sp in Figure 4.6 also
provides evidence of the oxygen/lithium deficiency. The line I and II are chosen with in the
same lattice reflection (222), and it can be seen that the signals of lithium/oxygen disappeared
in the corresponding line II area (Since the signal intensity in a HAADF image is
proportional to the atomic number (Z), the O atoms are invisible. Relative positions and
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contrast of Ni, Cr, and Mn can be better acquired with help of linear profiles). In addition, the
linear EDX data also provide the radial distributions results of Ni, Cr, and Mn in a single
particle. Surprisingly, we found that in the depth of ~85 nm, there is a sharp intensity increase
of Ni. This means that, in sample NM-sp, there are some Ni-rich areas existing, indicating
that Ni-poor areas also exist. According to a recent report by Boesenberg’s group, the
hampered oxidation during charging was observed in the Ni hot-spots, which means that
there is an inevitable capacity loss. The higher amount of the detected impurities is likely to
be responsible for the high level of oxygen deficiency in NM-sp as well as the detected Nirich area.

Figure 4.6 Scanning transmission electron microscopy (STEM, high-angle annular dark field
(HAADF)) image of sample NM-sp.
Figure 4.7 shows the detailed electrochemical performances for NM-sp, NM-cp, and NM-sg.
It is found that the NM-sg electrode can deliver the best electrochemical properties with a
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discharge capacity of ~140 mAh g-1 at 0.5 C (1 C = 140 mA g-1) and good cycling stability
(Figure 4.8, after 100 cycles).

Figure 4.7 (a) Galvanostatic profiles of different discharge C-rates; (b) discharge–voltage
curves at different C-rates for NM-sp, NM-cp, and NM-sg; (c) dQ/dV plot for the 30th cycle
at 1 C (inset: enlarged 4 V region ); and (d) EIS spectra of the three samples at discharge rate
of 1 C for the 30th cycle (inset: corre-sponding equivalent circuit diagram).
There is no voltage loss after 100 cycles (Table 4.2), indicating the stable nature of the spinel
structure. Both the rate capability and the cycling stability are worse for NM-sp than for NMcp and NM-sg. From Figure 4.7b, it can be found that the three as-obtained samples have
different discharge–voltage curves combined with different capacity contributions from the 4
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V plateau (calculated from 3.8–4.2 V, see Table 4.2), and they are also in accordance with the
dQ/dV plots and XPS results displayed in Figure 4.7c and Figure 4.5, respectively.

Figure 4.8 Cycling stability of three as-prepared electrodes at discharge rate of (a) 1 C and (b)
10 C, respectively.
The different discharge–voltage curves are likely owing to the different phase constitutions
that were discussed above. Electrochemical impedance spectroscopy (EIS) was also
employed to determine the charge transfer resistance (R2) and the Warburg resistance (W1),
and it was found that the charge transfer resistance (R2) of NM-sp is much larger than that for
the other two samples (Figure 4d). From the ICP results listed in Table 4.2, it is clear that the
NM-sp sample has the largest element content deviation against the given chemical formula
(LiCr0.2Ni0.4Mn1.4O4).
Table 4.2 ICP results, physical parameters, and typical electrochemical characteristics.
ICP Results
Li

Ni

Mn

Cr

1 C and 10 C
retention %

Rct

ΔQ1st

Ω

[mAh g-1]

BET
Area

Surface

Capacity Contribution
from 4 V Plateau*

[m2 g-1]

Mid-working
Voltage retention
(1 C) %

%

[mol]

[mol]

[mol]

[mol]

NM-sp

0.97

0.38

1.52

0.18

94.4, 86.9

135.3

89.15

3.0

99.2

14.2

NM-cp

0.98

0.39

1.51

0.18

98.4, 96.4

79.1

48.98

4.7

99.6

10.5

NM-sg

1.01

0.40

1.50

0.19

96.0, 96.9

77.2

67.79

3.1

99.6

7.8

*)

Calculated at 1 C, 30th cycle.
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Based on the results mentioned above, we assume that the detected inferior electrochemical
results for NM-sp are largely owing to the existing impurities in the bulk as a consequence of
the severe heterogeneous element distributions during synthesis, which may bring more Nirich/-poor areas and more oxygen/lithium deficiency, as discussed above. We consider that
the indexed impurities, LiCrxMn2-xO4 and LiyNi1-yO were generated due to the uneven
elements distributions of the prepared precursor. NM-sp precursor has more lithium/oxygen
vacancies, and it is because of the uneven distribution of elements indicated by EDS mapping
results. Therefore, the valence of Mn has to be lower since the principle of charge
compensation mechanism. The Ni rich/poor area is driven by the intrinsic Gibbs free energy
minimization; however, we believe that the larger amount of impurities would somehow
indulge the larger Ni rich/-poor areas. Additionally, the impurities will cause the many tiny
phase segregations, and the lithium/oxygen vacancies are very likely to be generated among
the phase boundaries. So reducing the content of impurities is beneficial for preventing
generated lithium/oxygen vacancies. In the procedure for synthesizing the precursor for NMsp, the processes of desiccation, nucleation, and pyrolysis were almost simultaneously
completed, while most of the components cannot be well distributed in such a short time.
As for NM-sg, the sol-gel method can provide an ultra-homogeneous element distribution, so
it has the lowest impurity content as well as the best electrochemical performance. Also,
some ordered TM ions can exist in short-range atom arrays in the bulk without severe Li/TM
disorder, although a certain content of Mn3+ is indeed present.178 This appropriate degree of
atom ordering can have benefits both for fast charge transitions and for cycling stability.211 In
addition, the influence of the rock-salt phase on the electrochemical properties for the
different synthesis methods still needs to be further quantified for precise parameter control
in the mass production of this promising high voltage spinel for Li-ion batteries.
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4.4 Conclusion
In summary, we have adapted three available mass-production synthesis methods (spray
pyrolysis, co-precipitation, sol-gel) to investigate the reasons for the different electrochemical
properties in the samples produced using them. The sample prepared via the sol-gel method
showed superior performance, with discharge capacity of ~140 mAh g-1 and satisfactory
cycling stability. All the as-obtained samples can be indexed to the Fd-3m space group by
analyzing the FT-IR and Raman data. With the help of the high-resolution X-ray beam in
synchrotron XRD, we found that the different phase compositions and the generated
impurities, rather than the particle distribution, are likely to be the main reasons for the
detected electrochemical variety. The amount of impurities has a great influence on charge
transfer resistance, cycling stability, and oxygen/lithium vacancies. The most appropriate
synthesis method can lead to a better, more homogeneous precursor, which will play a critical
role in the mass production of this promising cathode material for high-power lithium ion
batteries.
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The rechargeable sodium-ion batteries are proposed to be the most appropriate alternatives to
lithium batteries due to the fast consumption of limited lithium resources. Due to their
improved safety, polyanion framework compounds recently gained attention as potential
candidates. With the earth-abundant element Fe being the redox centre, the uniform carbon
coated Na3.32Fe2.34(P2O7)2/C composite represents a promising alternative for sodium ion
batteries. The electrochemical results show that the as-prepared Na3.32Fe2.34(P2O7)2/C
composite can deliver capacity of ~100 mAh g-1 at 0.1 C (1 C= 120 mA g-1), with capacity
retention of 92.3% at 0.5 C after 300 cycles. After adding fluoroethylene carbonate additive
to the electrolyte, 89.6% of initial capacity was maintained, even after 1100 cycles at 5 C.
The electrochemical mechanism was systematically investigated via both in-situ synchrotron
X-ray diffraction and the Density Functional Theory calculations. The results show that the
sodiation and desodiation are one-phase transition processes with two one-dimensional
sodium paths, which would facilitate fast ionic diffusion. Small volume change, nearly 100%
first cycle coulombic efficiency, and a pseudocapacitance contribution were also
demonstrated. Our research indicates that this new compound would be a potential
competitor for other iron-based cathode electrodes for application in large-scale Na
rechargeable batteries.

5.1 Introduction
Storing the energy from sustainable intermittent resources, such as wind energy and solar
energy, has become a significant issue in recent years that needs to be resolved. Although
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lithium ion batteries (LIBs) have achieved great success in small portable electronics, electric
vehicles, and hybrid electric vehicles, there are still many challenges to their real application
in large-scale energy storage system.3, 4 From cost considerations, sodium ion batteries (SIBs)
are an attractive alternative to lithium ion batteries, especially due to the high abundance of
sodium resources.212 Nevertheless, the low energy density, sluggish sodium kinetics, and
poor cycling stability of the existing positive materials are the main barriers to the widespread
use of SIBs.22, 213
A number of promising layered-structure positive materials (NaMO2, including O3type and P2-type, M = Fe, Cr, Mn, Co, etc.) with a sodium-intercalation mechanism have
been intensively reported for applications as electrodes recently.214-220 Nevertheless,
fabrication of these layered-structure materials is still relatively complex, and they still suffer
from poor cycling stability with large volume changes (> 10%) and phase instability when
fully desodiated.213 Prussian blue analogues (PBAs), such as Na1+xM1M2(CN)6 (x = 1 to 2, M
= Fe, Mn, etc.), also have received considerable attention up until now,146, 221-223 and these
kinds of electrodes show good electrochemical properties. The temperature instability of
Prussian blue based materials will be a potential safety issue, however.112 Given this, the
polyanion-based compounds have received wider attention these days due to their high
structural stability and thermal stability.105, 224 The strong covalent bonding of X‒O (X = P, S,
B, Si) can offer great structural stability during long electrochemical cycling, with only small
volume changes.225 This has led to the wide commercial use of olivine lithium iron phosphate,
LiFePO4, which has iron as the redox centre. The applications of polyanion-based compounds
could significantly further reduce energy cost and safety concerns. To date, the search for
novel polyanion compounds has concentrated on the iron- and vanadium-based materials,
such

as

Na3V2(PO4)3226,

NaFePO4227,

Na2FeP2O7105,

Na4Fe3(PO4)2(P2O7)118,

Na7V4(P2O7)4PO4225, 228, 229, Na2Fe2(SO4)3124, 230, Na3V2O2x(PO4)2F3-2x231, 232, Na2MnP2O7233,
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Na2FePO4F234, Na4-αM2+α/2(P2O7)2112, etc. Their open frameworks and sturdy structures
provide facile sodium ion transport and long cycle life for applications in energy storage and
conversion.
Recently, a newly reported iron-based pyrophosphate sodium host series, Na4αFe2+α/2(P2O7)2

(2/3 ≤ α ≤ 7/8), has aroused our great interest.112, 113, 115, 116 This material is in

a triclinic structure with the space group P-1, where two FeO6 octahedra, both symmetrically
arranged, and two P2O7 units constitute the single crown unit. The P2O7 group is comprised
of two PO4 units with corner sharing, and the whole crystal framework is composed of a
corner-sharing three-dimensional (3D) network of [Fe2P4O22]∞ and [Fe2P4O20]∞ infinity group
layers parallel to the bc plane, which can provide a three-dimensional framework for
reversible sodium (de)intercalation. When α equals 2/3 (the maximum amount of Na
possible), the compound’s chemical formula can be written as Na3.32Fe2.34(P2O7)2. A
schematic illustration is

presented in

Figure 5.1.

The theoretical

capacity of

Na3.32Fe2.34(P2O7)2 can reach 117.4 mAh g-1 based on the Fe2+/Fe3+ redox couple, which
enables it to be a competitive candidate for the cathode electrode in SIBs.112 The
Na3.12Fe2.44(P2O7)2 material (α equals 7/8, the minimum amount of Na) is isostructural with
Na3.32Fe2.34(P2O7)2, and several advanced research results have been reported. Deng et al.
have synthesized a coral-like architecture of Na3.12Fe2.44(P2O7)2 nanoparticles via the “flashcombustion” approach with depressed moisture sensitivity, and discussed the dynamic
mechanism of the surface oxidation reaction.113 They also adapted a biochemistry-directed
approach to fabricate hollow porous Na3.12Fe2.44(P2O7)2 microspheres with improved
electrochemical performance.114 Li et al. successfully improved the discharge capacity to
close to the theoretical value by mixing in porous graphene or multi-walled carbon
nanotubes.115,

116

Studies of the cycling stability, kinetics, and reaction mechanisms of

isostructural Na3.32Fe2.34(P2O7)2 compound are still lacking as yet. Hence, it is urgent and
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necessary to achieve a deep understanding of both the kinetics and the reaction mechanism
for better guidance towards application of this material.
In

this

paper,

we

successfully

synthesized

uniform

carbon

coated

Na3.32Fe2.34(P2O7)2/C nanoparticles via in-situ carbon coating by the rheological phase
method with satisfactory high rate capacity and long cycling stability. The effects of
fluoroethylene carbonate (FEC) additive in ethylene carbonate (EC)/propylene carbonate (PC)
electrolyte were carefully studied. We also discovered the composition of the charge storage
mechanism, including both the non-faradaic and faradaic process, and the diffusion
coefficients during charge and discharge process were calculated via the Galvanostatic
Intermittent Titration Technique (GITT) method as well. Based on Density Functional
Theory (DFT), first-principles calculations were performed to investigate the sodium
diffusion pathways in Na3.32Fe2.34(P2O7)2, and they revealed that sodium ions diffuse via two
one-dimensional (1D) pathways. In-situ synchrotron X-ray diffraction (XRD) revealed the
one phase transition process during charge and discharge, accompanied by the reversible
variation of lattice parameters. The results indicated that this iron-based pyrophosphate
Na3.32Fe2.34(P2O7)2 is a promising cathode candidate for SIBs.

Figure 5.1 Crystal structure of Na3.32Fe2.34(P2O7)2 from the [100] axis.
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5.2 Experimental section

Material Synthesis: The final material was fabricated via an in-situ carbon coating ball
milling process. The bulk materials with/without carbon coating are denoted as NFP/C and
NFP, respectively. Stoichiometric quantities of Na2CO3 (99.5%), FeC2O4·2H2O (99%), and
(NH4)2HPO4 (98%) with/without stearic acid (CH3(CH2)16COOH, 98.5%) were mixed using
wet ball milling at 500 rpm for 24 hours in acetone. All the chemicals were analytical grade
and purchased from SIGMA-ALDRICH. Following the ball milling, the acetone was dried at
80 ℃ in an oven for 6 hours. The mixture was first calcined at 300 ℃ for 6 hours in Ar gas
flow and then cooled down at room temperature. The resulting powder was ground again, and
then pelletized under a pressure of 200 kg cm-2 and sintered at 600 ℃, again in Ar gas flow.
The final composite was obtained after a natural cooling down to room temperature, and
immediately transferred to and kept in an Ar-filled glove box to avoid CO2 or H2O
contamination.
Characterization Methods: X-ray diffraction (XRD) was employed to characterize the
crystalline structure of the as-obtained product with Cu Kα radiation in the 2θ range of 15 ° 55 ° (GBC MMA diffractometer, λ = 1.5406 Å, step size of 0.02 ° s-1). The morphology of the
samples was detected via a field emission scanning electron microscope (FESEM, JEOL
JSM-7500FA) equipped with energy-dispersive X-ray spectroscopy (EDS). Microstructures
of samples and electrodes were determined by high resolution transmission electron
microscopy (HRTEM, JEM-2010, working voltage 200 kV) and selected area electron
diffraction (SAED). The fine structures of cycled electrodes were examined by scanning
transmission electron microscopy (STEM, JEM-ARM 200F), using a double aberrationcorrector for the high-angle annular dark-field (HAADF) images, which was operated at 200
kV. The angular range of collected electrons for the HAADF images was around 70-250
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mrad. The EDS mapping results were obtained via STEM using NSS software.
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Fe

Mössbauer spectra of the samples were collected at 300 K by using a standard constantacceleration spectrometer and a
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CoRh source, calibrated with an α-ion foil. Synchrotron

powder diffraction data were collected at the Australian Synchrotron beamline with a
wavelength (λ) of 0.7741 Å, calibrated with the standard reference material (National
Institute of Standards and Technology (NIST) LaB6 660b), and analysed via GSAS-II
software. Schematic representations of the synchrotron XRD data were obtained by VESTA
software. Thermogravimetric (TG) analysis was performed on a Mettler Toledo TGA/DSC1
with a heating rate of 10 ℃ min-1 in air. X-ray photoelectron spectroscopy (XPS) with Al Kα
radiation (hν = 1486.6 eV) was employed to detect the binding energies of Fe using a SPECS
PHOIBOS 100 Analyser installed in a chamber in high-vacuum. The carbon coating
information was obtained from the Raman spectra (JY HR800 Spectrometer, 10 mW
helium/neon laser at 632.8 nm). The Brunauer–Emmett–Teller (BET) test was carried out
using a Micromeritics Tristar II 3020 Surface Area Analyzer, and the particle size distrbution
results are performed based on a laser particle size analyzer (JL-6000, wet method).
Density Functional Theory (DFT) Calculations: First-principle calculations were carried out
using the Vienna ab initio simulation package within the projector-augmented-wave approach.
The generalized gradient approximation (GGA) exchange-correlation function developed by
Perdew, Burke, and Ernzerhof (PBE) was adopted, and the cut-off value of the kinetic energy
was set to 400 eV for all the calculation processes. The k-points were sampled on a grid of
3×3×3 for the unit cell, and the geometry was allowed to be relaxed until the forse on each
atom was no more than 0.1 eV Å-1. The minimum energy was calculated via the climbing
nudged elastic band method for the bulk Na3.32Fe2.34(P2O7)2.
Electrochemical testing: The Na3.32Fe2.34(P2O7)2/C electrodes were prepared by mixing 80%
(mass fraction, as follows) positive materials, 10% polyvinylidene fluoride (PVDF, binder),
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and 10% carbon black (Super P, C45) to form an electrode slurry, which then was coated
uniformly on aluminium foil, followed by vacuum drying at 120 ℃ overnight. To avoid
fluorine (F) contamination from PVDF, the electrodes for EDS mapping were prepared using
carboxymethyl cellulose (CMC) as binder. The dried slurry on Al foil was pressed under 10
MPa and punched into round single electrodes 0.95 cm in diameter. Sodium foil was prepared
as the negative electrode. The electrolyte was 1 M NaClO4 in ethylene carbonate (EC) ‒
propylene carbonate (PC) solution (1:1 by volume) with or without 5 vol% addition of
fluoroethylene carbonate (FEC). Coin cells were assembled in a glove box filled with ultrapure Ar, and the concentrations of O2 and H2O were controlled under 0.1 ppm. The
electrochemical properties were examined by a NEWARE test system. The voltage window
was set between 1.5 V - 4.0 V, and 1 C= 120 mA g-1. Electrochemical impedance
spectroscopy (EIS) was employed in the range of 100 kHz to 10 mHz, with the amplitude of
the AC voltage set at 10 mV. Cyclic voltammetry tests were carried out at various scanning
speeds from 0.05 mV s-1 to 0.4 mV s-1 in the voltage window of 1.5 V - 4.0 V. Galvanostatic
Intermittent Titration Technique (GITT) measurements were conducted on a Land battery
testing system after 10 cycles to let the electrolyte/electrode reach its equilibrium state
(current density: 12 mA g-1, 0.1 C).

5.3 Results and discussion
The bulk materials with/without carbon coating are denoted as NFP/C and NFP, respectively.
Figure 5.2 shows weight loss of 92.87 % for NFP/C, indicating the carbon mass ratio in
NFP/C.
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Figure 5.2 Thermogravimetric analysis of as-prepared NFP and NFP/C samples.
The Raman spectra in Figure 5.3 also indicate the presence of the carbon coating layer of
NFP/C with obvious D and G bands located at 1350 cm-1 and 1600 cm-1, respectively235. Note
that almost no specific peaks of Na3.32Fe2.34(P2O7)2 can be found, which is largely due to the
fluorescence effect in Raman spectroscopy.50 The Cu-Kα XRD patterns (λ = 1.5406 Å) in
Figure 5.3 show that both the NFP and NFP/C samples can be indexed to the triclinic P-1
space group (JCPDS No. 83-0225). The higher intensity of NFP/C indicates its greater degree
crystallinity compared with NFP.
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Figure 5.3 (a) Cu Kα XRD patterns (λ= 1.5406 Å) from 15 ° - 55 ° (2θ degrees) for both
NFP and NFP/C. (b) Raman spectra of NFP and NFP/C, respectively. (c) The BET results of
both samples. (d) The particle size distribution of both NFP and NFP/C materials.
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Figure 5.4 Rietveld refinement of synchrotron XRD patterns of a) NFP and d) NFP/C
materials (λ = 0.7741 Å). The blue symbols show the Bragg positions (JCPDS No. 83-0225).
In order to obtain more detailed information on the crystal structure and phase constitution,
synchrotron X-ray powder diffraction was employed, as displayed in Figure 5.4. The crystal
structure was confirmed to be triclinic P-1 for both the NFP and the NFP/C materials. The
fitting process was satisfactory, with low-reliability factors (weighted profile factors) of Rwp=
9.77 % and 8.60 %. Tiny amounts (less than 1%) of impurities were detected in both samples
(possibly NaFePO4 or something similar). The data show that the Na3.32Fe2.34(P2O7)2 material
is a solid solution phase with respect to transition metal composition. The morphologies of
NFP and NFP/C are very different (Figure 5.5).

Figure 5.5 (a) SEM image, (b) XPS spectrum of Fe 2p and (c) Mössbauer spectrum of NFP
material. (d) SEM image, (e) XPS spectrum of Fe 2p and (f) Mössbauer spectrum of NFP/C
material.
The bulk NFP particles are over 5 µm in size; however, with the help of a long chain organic
carbon source (such as stearic acid) acting as the dispersant, following the calcination process,
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the particle size was greatly reduced to 0.5-1 µm. The corresponding BET and particle size
distribution results of both samples are shown in Figure 5.3. Also, from the HRTEM images
(Figure 5.4b and e), the lattice fringes of both samples were measured to be 0.53 nm and 0.56
nm, corresponding to (–101) and (111) reflections, and both samples displayed good
crystallinity with space group P–1 (SAED patterns from Figure 5.4c and f). In addition, the
carbon coated material NFP/C shows a very uniform carbon coating layer (as illustrated in
Figure 5.4e), and the thickness of the carbon layer was measured to be around 6.0 nm. The
uniform carbon layer plays a critical role in the improvement of electrochemical performance,
which will be discussed later. The X-ray photoelectron spectroscopy (XPS) spectra of Fe 2p
for both samples are also displayed in Figure 5.5b and e, and no obvious differences can be
detected except for a tiny binding energy shift, which means that the valence of Fe in both
samples is similar and estimated to be +2. The valence of Fe was also measured via the
Mössbauer spectra, as shown in Figure 5.5c and f. A small amount (less than 10 %) of Fe3+
was found for both samples, which can be attributed to the slight oxidation during the
measurements.
The galvanostatic charge/discharge tests on the Na3.32Fe2.34(P2O7)2 electrodes were conducted
using Na-ion coin cells at room temperature. The first cycle and second cycle of the
electrodes are almost the same, with a main charge/discharge platform around 3.0 V and a
small voltage plateau at about 2.5 V, which means that the electrochemical reaction of the
Na3.32Fe2.34(P2O7)2 electrode was highly reversible. The NFP/C electrode can deliver the
capacity of ~100 mAh g-1 in the first and second discharge at 0.1 C (1 C = 120 mA g-1), about
88% of the given theoretical capacity (117.4 mAh g-1). In Figure 5.6a, it is found that
satisfactory rate performance of NFP/C electrode can be obtained at 5 C and 10 C with
capacity of 72.3 mAh g-1 and 68.5 mAh g-1, respectively. After the first cycle, the charge
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transfer resistances were greatly reduced for both electrodes, which is possibly due to the
formation of the solid electrolyte interphase (SEI) layer.236

Figure 5.6 (a) Rate performances of NFP and NFP/C. The inset in a) is a comparison of the
first cycle voltage profiles and the Coulombic efficiency of the two samples. b) Cycling
stability and corresponding Coulombic efficiency of both NFP and NFP/C electrodes at 0.5 C
(60 mA g-1) with 5% FEC additive in the electrolyte. The insets in b) are HRTEM images
taken after the 300th cycle for NFP (left) and NFP/C (right) electrodes. c) Voltage profiles at
different C-rates; d) Comparison of reversible capacity, energy density, and average voltage
platform (vs. Na+/Na) of several types of polyanionic-based cathode materials at 0.2 C. e) and
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f) Schematic diagrams explaining the difference in the rate performances of NFP and NFP/C,
respectively. g) High-rate long cycling stability test and corresponding Coulombic efficiency
of NFP/C electrodes at 5 C (0.6 A g-1) with/without 5% FEC additive in the electrolyte.
What should be specifically pointed out is that the first cycle Coulombic efficiency for both
samples was above 96%, and the Coulombic efficiency for NFP/C further reached 100.14%.
It is well known that the first cycle Coulombic efficiency is very important for the application
of full-cell Na-ion batteries, batteries,21 which is also the main barrier for the anode
material.235, 237 Figure 5.6c shows typical discharge-voltage curves at different C-rates, with
no evidence of severe electrochemical polarization. In addition, we compared several types of
recently reported polyanionic-based cathode materials with respect to their voltage plateau,
discharge capacity, and energy density at 0.2 C105, 118, 225, 226, 233, 238-241 as presented in Figure
5.6d. It can be seen that the as-prepared Na3.32Fe2.34(P2O7)2 material (NFP/C) has an energy
density of more than 300 Wh kg-1 with a relatively high voltage platform (3.05 V vs. Na+/Na)
and highly satisfactory cycling stability. The cycling stability at low current density (0.5 C,
60 mA g-1) was investigated as well. As shown in Figure 5.6b, it can be seen that both
samples displayed satisfactory cycling stability after the 300th cycle (92.1% and 92.3%) and
nearly 100% Coulombic efficiency in each cycle. This can be ascribed to the nature of the
polyanionic-based cathode material, especially for the as-prepared Na3.32Fe2.34(P2O7)2/C
material in our work. The HRTEM images (insets in Figure 5.6b) after the 300th cycle show
two obvious lattice fringes, representing the (113) planes (d = 0.32 nm) for NFP and the (011)
planes (d = 0.82 nm) for NFP/C, respectively. The carbon layer of NFP/C electrode could
still be clearly observed after 300th cycle with thickness of ~ 5 nm. The SAED patterns of
both the NFP and the NFP/C electrodes demonstrate the single crystal nature of
Na3.32Fe2.34(P2O7)2 cathode material, even after 300 cycles (Figure 5.7 a and b).
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Figure 5.7 (a) and (b) the SAED images of the 300th cycle for NFP and NFP/C. (c) and (d)
discharge voltage profiles for selected cycles of NFP and NFP/C, respectively.
This also can be deduced from Figure 5.7c and d, because there was no obvious decrease in
the voltage platform with cycling, which means that the energy density also can be
maintained during the long cycle life.
The electrolyte was EC/PC (1:1 in volume) with 1 M NaClO4, which has been proven to be
more stable when the cell is charged at or over 4.0 V.242 The addition of FEC was set at 5%
according to a previous study.243 We chose the carbon coated NFP/C sample for the long
cycling stability testing due to its better performance, as illustrated above. As shown in
Figure 5.6g, the NFP/C material can deliver an initial capacity of 72.5 mAh g-1 at a discharge
rate of 5 C (0.6 A g-1), and about 90% of the initial capacity was maintained, even after 1100
cycles. To the best of our knowledge, this is the first time that Na3.32Fe2.34(P2O7)2/C cathode
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material with capacity retention as good as 89.6% after 1100 cycles at 5 C has been reported.
During the first 300-400 cycles, there was no obvious difference between the NFP/C
electrodes with or without FEC additive. Nevertheless, the discharge capacity of the NFP/C
electrode without 5% FEC additive declined slightly faster after 400 cycles compared to the
one with the 5% FEC additive added. In addition, from Figure 5.8a and b, it can be seen that
the voltage platform around 2.5 V at 5 C was well maintained for the NFP/C electrode with 5%
FEC additive, while the one without FEC additive encountered slight decreases at 500th cycle
and 1100th cycle. We suppose that protective surface films on the NFP/C cathode were
formed in the PC-based electrolyte solution, which was beneficial for the improved
passivation and suppression of side reactions between the Na metal and the PC solution
containing Na salts, especially for long cycling stability.236, 244 This speculation can be further
confirmed via the STEM-EDS technique (Figure 5.8c and d). The images of the cycled
electrodes and separator also show that there was much less electrode dissolution in the
electrolyte with 5% FEC added electrolyte (Figure 5.8f and h). No obvious difference in the
XRD results can be detected for the two electrodes. Nevertheless, the electrochemical
polarization and the charge transfer resistance were significantly decreased. So, based on the
results illustrated above, it can be deduced that the FEC additive played an important role in
the long cycling stability, with a passivation layer generated from the FEC additive during
initial cycles for this polyanionic-based cathode materials.245
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Figure 5.8 Specific-discharge voltage profiles of NFP/C electrode at different cycles for (a)
no FEC, and (b) with 5% FEC, respectively. EDS spectra from spot scans of electrodes (c)
with no FEC and (b) with 5% FEC. STEM-EDS mapping for the elements Na and F for
electrodes with (e) no FEC and (g) with 5% FEC, respectively. The acquisition time was 600
s. Images of electrodes after 1100 cycles for (f) no FEC and (h) with 5% FEC, respectively.
The insets are photographs of the corresponding separators (glass fiber).
The superior electrochemical performance of NFP/C can be explained via Figure 5.6e and f.
It can be deduced that the uniform amorphous carbon layer dramatically increases the transfer
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rate of electrons in different layers of the bulk material, and the transfer speed of Na+ ions can
be accelerated simultaneously as well, even the particle sizes locate in micro-size scale.114
Without the carbon coating, the electrons cannot be easily transferred to unconnected
particles. Hence, it is very important to choose the appropriate carbon source (such as stearic
acid) to obtain a uniform carbon layer and reduce the particle size via the ball milling process.

Figure 5.9 a) In-situ synchrotron XRD patterns of (011) and (–101) reflections, with b)
corresponding initial cycle voltage curve. The wavelength was manually changed to 1.5406 Å
for better comparison. c-e) Corresponding HAADF images at different states of charge. f)
Changes in the lattice parameters a, b, and c; and g) changes in the unit cell volume.

To obtain a deeper understanding of the charge/discharge process, we performed in-situ
synchrotron XRD measurements in Figure 5.9. The structural evolution of the electrode
material (NFP/C) during the first cycle was investigated (with the wavelength manually
changed to 1.5406 Å for better comparison). Changes in the two peaks ((011) reflection and
(–101) reflection) were detected, and the variations are marked with red dotted lines. The two
peaks gradually moved to lower/higher 2θ during Na extraction and returned to their original
positions after reinsertion, which can be attributed to the continuous reversible lattice
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breathing during cycling. The general patterns remained unchanged, indicating topotactic Na
extraction from the mother structure, which also gives evidence of the one phase transition
process during cycling. HAADF images of the pristine electrode and the electrode after the
initial charge and discharge are shown in Figure 5.9c-e. The (101), (011), and (011)
reflections were observed and measured to be 0.51 nm, 0.82 nm, and 0.83 nm, respectively,
which implies that Na3.32Fe2.34(P2O7)2/C material has a sturdy crystalline nature as a detected
solid solution phase with respect to the transition metal composition. From Figure 5.9f and g,
it can be clearly seen that all three lattice parameters have changed reversibly, corresponding
to the variation in the detected peaks as well. In particular, the b value gradually decreased,
while both the a and the c values continuously increased, and the unit cell volume changed
reversibly in the range of 558-570.5 Å3. This phenomenon indicates that the pathways for
Na+ ions change continuously during cycling. The increasing a and c values are mainly
ascribed to the lengthened bond distance of Fe-O in the FeO6 octahedra after the Na
extraction. The electron cloud density of the [Fe2P4O20]∞ infinity group layers parallel to the b
axis was enhanced owing to the decreased electrostatic repulsion during the Na extraction
process, so the b value gradually declined during the discharge stage. It worth noting that the
electrode experienced tiny volume contraction of about 2.19% (compared to the initial state),
which is the smallest volume change according to previous reports.118, 213, 225 Such a small
change in a single unit cell offers strong support for the stability of the sodium crystal
structure during intercalation/de-intercalation so that the excellent cycling stability can be
achieved.
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Figure 5.10 a) Cyclic voltammogram with the capacitive contribution to the total current
shown via the shaded region (29.37 %). b) GITT curves of NFP/C material for the charge and
discharge process. The inset is the chemical diffusion coefficient of Na+ ions as a function of
voltage calculated from the GITT curve. c) Activation energy values based on DFT
calculations accompanied by d-f) schematic illustrations of two Na+ ion diffusion pathways in
triclinic P–1 phase Na3.32Fe2.34(P2O7)2/C material.
We have further investigated the kinetics characteristics of NFP/C material. The charge
storage mechanism of the cathode particles always includes non-faradaic and faradaic
processes.246 The latter can be found both in the bulk during the battery process and on the
surface where they are regarded as contributing to pseudocapacitance. The calculated results
are

shown

in

Figure

5.10a.

It

shows

that

the

electrochemical

reactions

of

Na3.32Fe2.34(P2O7)2/C material are composed of both non-faradaic and faradaic processes, as
the b value is in the middle, between 0.5 and 1 for the selected five redox peaks. Since all the
processes cannot be completed exactly simultaneously, the non-faradaic reaction is inevitable.
The electric double layer mainly dominates the non-faradaic process and capacitance is the
primary manifestation form. The slower Na+ intercalating process will incur larger
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contribution of capacitance to the total current. The contributions of non-faradaic processes
of NFP/C and NFP electrodes are calculated to be 29.37 % and 28.39 %, respectively, based
on the area integral method (Figure 5.10a and Figure 5.11c).246-248

Figure 5.11 (a) CV curves of NFP at different scan rate after 300 cycles. (b) log (i) versus log
(v) plots at different redox states of the as-obtained NFP material. (c) Capacitive contribution
to the total current shown via the shaded region of NFP electrode (28.39 %).
The faradaic process enables the cathode material to operate at a fixed high voltage potential,
and the establishment of pseudocapacitance leads to a fast Na+ ion insertion/deinsertion
process at high rate with extended cycling life. This can be regarded as one key factor for the
superior electrochemical performance illustrated in Figure 5.6.
GITT was carried out to clarify the nature of sodium intercalation/de-intercalation of
Na3.32Fe2.34(P2O7)2/C electrode, as well as the diffusion coefficient of Na+ apart from the
cyclic voltammogram method. From Figure 5.10b, it can be seen that both the charge and
discharge curves can be ascribed to a one phase transition process. The whole reaction
equation can be written as follow:
Na3.32Fe2.342+(P2O7)2 ↔ Na1.32Fe0.342+Fe23+(P2O7)2 + 2Na+ + 2e-

(5.1)

The results are consistent with those presented via Nazar et al.,112 where a one phase reaction
mechanism has been proposed. The diffusion coefficient of Na+ can also be calculated at

134

Chapter 5 Carbon Coated Na3.32Fe2.34(P2O7)2 Cathode Material for High-rate and Long-life Sodium-Ion Batteries

different voltage stages.249 The results are displayed in Figure 5.10b (inset). It can be seen
that the sodium-ion chemical diffusion coefficients vary from 10-11 to 10-13 cm2 s-1 in the
voltage range of 2.3-4.0 V, which shows the same order of magnitude as the results obtained
from cyclic voltammetry (Figure 5.12), and the fast kinetics property would promote its
application prospects in high power sodium battery systems.

Figure 5.12 (a) Cyclic voltammograms of NFP/C electrode at different sweep rates. The inset
(top) is the diffusion coefficient of the Na+ ions and the inset (bottom) is the plot of v1/2s1/2
against peak current (mA). (b) log (i) versus log (v) plots at different redox states of the asobtained NFP/C material.
In addition, the sodium diffusion pathways in Na3.32Fe2.34(P2O7)2/C nanoparticles are shown
in Figure 5.10d-f based on the DFT calculation. We found that diffusion of Na+ ions
preferentially proceeds via two very plausible 1D pathways: pathway 1 is approximately
parallel to the bc plane (Na2→Na3→Na2) and pathway 2 approximately parallel to the b axis
(Na1→Na3→Na1). Activation barrier energies for pathway 1 and pathway 2 were calculated
to be ~1.1 eV and ~1.7 eV (Figure 4c), respectively, which are almost equivalent to a similar
previous report on polyanion-based compounds,124 making Na diffusion quite fast at room
temperature. It worth noting that the decreasing b value of lattice constant (as illustrated in
Figure 5.9f) would facilitate Na diffusion as well, because both pathways are approximately
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parallel to the b axis, which means that the diffusion distance would be shortened during the
charge process. Moreover, the initial containment of Na in the polyanion-based composite
Na3.32Fe2.34(P2O7)2 can be a great advantage for the wide use of SIBs, and the long cycle life
also provides a platform for very stable utilization, which can avoid the potential safety risks
from starting with a metallic Na anode.

5.4 Conclusion
In summary, uniform carbon coated Na3.32Fe2.34(P2O7)2/C material was successfully
synthesized, and its long cycling stability both for low and high rates have been well
characterized. It can deliver capacity of ~100 mAh g-1 at the first and second discharge at 0.1
C, and features capacity retention of 92.3% at 0.5 C after 300 cycles. Even after 1100 cycles
at 5 C, about 89.6% of initial capacity was maintained. More importantly, almost 100% first
cycle Coulombic efficiency was achieved, which is quite critical for making full-cell SIBs.
This pyrophosphate composite can be regarded as a safe cathode material for SIBs. This
study also highlights the importance of the FEC additive in the electrolyte for long cycling
stability. The fast Na diffusion coefficient around 10-11 cm2 s-1 was confirmed via both cyclic
voltammetry and the GITT method, and the one-phase transition process was discovered. The
contribution of pseudocapacitance was detected, and it can help improve the high rate
capability and durable cyclability. Moreover, two 1D Na diffusion channels with relatively
low activation energy were identified via the DFT calculation, accompanied by a tiny lattice
volume change of approximately 2.19 % during the electrochemical cycling, which is also a
key reason for the superior cycling stability. We believe that this low-cost, high-stability
pyrophosphate composite Na3.32Fe2.34(P2O7)2/C material will be one of the most promising
cathode candidates for extensive applications in large-scale Na rechargeable batteries.
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Chapter 6 A Novel Graphene Oxide Wrapped Na2Fe2(SO4)3/C Cathode
Composite for Long Life and High Energy Density Sodium-Ion Batteries

The cathode materials in the Na-ion battery system have always been the key issue
obstructing wider application because of their relatively low specific capacity and low energy
density. We fabricated a graphene oxide (GO) wrapped composite, Na2Fe2(SO4)3@C@GO,
via a simple freeze-drying method. With the earth-abundant element Fe being the redox
center in the alluaudite-type framework, the as-prepared material can deliver a 3.8 V platform
with discharge capacity of 107.9 mAh g-1 at 0.1 C (1 C= 120 mA g-1), as well as offering
capacity retention above 90 % at discharge rate of 0.2 C after 300 cycles. The wellconstructed carbon network provides fast electron transfer rates, and thus, higher power
density also can be achieved (75.1 mAh g-1 at 10 C). The interface contribution of GO and
Na2Fe2(SO4)3 was recognized and studied via density function theory (DFT) calculation. We
also investigated the Na storage mechanism through in-situ synchrotron X-ray diffraction,
and pseudocapacitance contributions were also demonstrated. The diffusion coefficient of
Na+ ions was around 10-12 to 10-10.8 cm2 s-1 during cycling. The higher working voltage of this
composite is mainly ascribed to the larger electronegativity of the element S compared to the
element P in the polyanionic-based cathode materials. Our research indicates that this wellconstructed composite would be a competitive candidate as a cathode material for Na-ion
batteries.

6.1 Introduction

Recently, the demands of high-power, low cost energy storage facilities are in high level with
the rapid developments of renewable energy, such as solar energy, wind energy and tidal
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energy.3 Throughout the current representative energy storage technologies, the battery
systems are one of the best choices due to their high energy efficiency, environmentally
benign.250 The high-power / high-energy density and low cost battery system have been in
constantly pursuit.212, 251 Among them, rechargeable sodium-ion batteries (SIBs), is one of the
most promising candidate for the large-scale applications because of the nearly inexhaustible
sources and of sodium and its availability.230 However, to achieve the high-performance SIBs,
it still remains a big challenge to discover/ develop more proper electrodes and electrolytes
(especially cathode materials) to meet the requirements of cycling stability, rate-capability
and high energy density.252
Recent studies on the cathode materials of SIBs are mainly focused on three kinds of
structures.253-256 One of them is the polyanion-based compounds, which have been intensively
investigated for applications recently.91,

257, 258

These materials can be more specifically

divided into olivine-type materials (such as NaFePO4, etc.)227, pyrophosphate-based materials
(such as Na4Fe3(PO4)2(P2O7)117, Na7V4(P2O7)4PO4225, Na3.32Fe2.34(P2O7)2112, etc.), NISICONtype (Na super ion conductor) materials (such as Na3V2(PO4)3259, etc.) and alluaudite-type
materials (Na2+2xFe2-x (SO4)3124, 130, 134, Na2.44Mn1.79(SO4)3260, 261, etc.). Unlike the oxides,262
these polyanion-based candidates inherently suffer from the relative low theoretical specific
capacity due to their high molecular weights, sluggish sodium kinetics of only one or two
dimensional (1D or 2D) sodium pass ways.263 But their merits are obvious, such as sturdy
structures and excellent thermal stability, which make them very stable during long-term
cycling and safe when thermal runaway.264 Thus, it is worth paying efforts to develop and
optimize these polyanion-based compounds with lower costs for the mass applications of
SIBs in the future. Their structural diversity can provide more types of redox centres as well
as working potentials even their capacity is moderate.257 An ideal polyanionic electrode
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should offer not only high potential platforms, but also very sturdy framework without any
complex phase transitions during cycling or voltage decay phenomenon.213
In this scenario, Yamada group have recently discovered an entirely new class of
alluaudite-type cathode, Na2Fe2(SO4)3, with an exceptional 3.8 V voltage platform just using
Fe2+/Fe3+ to be the redox centre, which is the highest among the Fe-based cathode
candidates.124 Besides, all the elements in this quaternary cathode are earth-abundant, which
will dramatically reduce the cost of the electrodes in SIBs.134 The abnormally high potential
is mainly ascribed to the high electronegative [SO4]2- anion as well as the unique edgesharing Fe2O10 dimer geometry.240 Up to now, several representative research outcomes have
been reported of the Na2Fe2(SO4)3 or isostructural Na2.4Fe1.8(SO4)3 and Na2.5Fe1.75(SO4)3
materials,129, 130, 265 and they mainly focused on the mechanism of Na storage and pathways
for Na ions during cycling based on NMR spectroscopy, X-ray/ neutron diffractions and DFT
calculations. However, the potential of this material has not been fully explored. Due to the
only one-dimensional Na diffusion channels (c-axis) via computational predictions reported
previously, the fully utilizations of the Na2Fe2(SO4)3 material are still limited. The relative
sluggish ionic and electronic conductivity can be largely improved via the uniform carbon
coating and well-constructed carbon network.113,

266

Therefore, graphene, as a 2D carbon

matrix, is expected to provide more prominent conductivity and high specific surface area.267
The extensively well-designed utilizations of graphene will boost the high-rate performances
towards the real applications of SIBs.
Another critical issue for the sulfate-based alluaudite materials is the environment sensitivity,
since the Fe2+ is easily to be oxided to Fe3+ in the moist atmosphere. So carbon coating is an
important, feasible and high-efficiency way to both improve the conductivity and moisture
resistance of this type of materials. Herein, for the first time, we report on a facile and novel
synthesis of Na2Fe2(SO4)3@C@rGO composite with the well-designed carbon coating and
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graphene matrix. The micro-nano sized particles are closely wrapped by one or several layers
of graphene, which would provide facile and rapid electron transport while the stable
alluaudite-type of Na2Fe2(SO4)3 offers relative high ion diffusion ability. The resulted
electrochemical were largely improved with the discharge capacity of 107.9 mAh g-1 at 0.1 C
(1 C=120 mA g-1) with a capacity retention above 90 % at discharge rate of 0.2 C after 300
cycles. Higher power density also can be achieved (75.1 mAh g-1 at 10 C). We also
investigated the Na storage mechanism through the in-situ Synchrotron XRD during the first
and second cycles, and pseudocapacitance contributions were also demonstrated. To the best
of our knowledge, the characterizations of long cycle performance, in-situ Synchrotron XRD
and functionalized carbon modification have not been investigated yet.91, 212, 257 We believe
that our work will boost more intensively investigations about this promising high-voltage
cathode material towards the applications for sodium-ion batteries.

6.2 Experimental section
Material Synthesis: The Na2Fe2(SO4)3@C material was successfully fabricated via a simple
in-situ carbon-coating freeze-drying process. All the chemicals were purchased from
SIGMA-AlDRICH without any purification. Both the anhydrous FeSO4 (99 %) and Na2SO4
(99 %) precurosr were fabricated via annealing under vacuum at 200 ℃ for 4h. Then,
stoichiometric amount of treated Na2SO4 (2 mmol) and anhydrous FeSO4 (4 mmol) were
mixed and added in deionized water (10 mL) until a transparent green solution was obtained.
The solution was protected with inert asmosphere by pumping high purity Ar gas. 100 uL
pyrrole was also added into the solution under magnetic stirring for 1 h at room temperature.
Then this solution was dropwise added into liquid nitrogen and the obtained sphere precusor
particles were freeze-dryed until all ice were removed. Then, the precursor was transferred to
a quartz tube filled with Ar atmosphere and subjected to a sintering process at 350 ℃ for 24
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hours. The final product was denoted as NFS@C in this paper. For the graphene oxide
wrapping material (with the final sample denoted as NFS@C@GO), the graphene oxide was
prepared via Hummers’ method. 10 mg GO was dissolved in the solution (10 mL) mentioned
above. All other preparation procedures of NFS@C@GO are identical with NFS@C. Both
the NFS@C and NFS@C@GO materials were kept in an Ar filled glove box immediately
after sintering for further testing.
Material Characterizations: The crystalline structures of both samples were examined
via the synchrotron powder diffraction (PD) beamline at the Australian Synchrotron with
wavelength (λ) of 0.5899 Å, calibrated with the standard reference material (LaB6 660b). The
obtained data were refined with GSAS-II software. VESTA software was employed to draw
the schematic representations from the Rietveld refined results. Morphologies were observed
with a field emission scanning electron microscope (FESEM, JEOL JSM-7500FA). Detailed
information on the fine particles was acauired by scanning transmission electron microscopy
(STEM, JEM-ARM 200F), with the instrument equipped with selected area electron
diffraction (SAED) pattern and energy-dispersive X-ray microscopy (EDX). The mapping
results are analysed via NSS software. Thermogravimetric (TG) analysis was performed with
a Mettler Toledo TGA/DSC at a heating rate of 10℃ min-1 from room temperature to
800℃.The carbon contents in both samples were measured by a carbon-sulfur analyzer (CS902, Wanlianda Xinke, Beijing, China). The surface information on Fe in both samples was
obtained through X-ray photoelectron spectroscopy (XPS) with Al Kα radiation. Raman
spectra (JY HR800 Spectrometer, 10 mW helium/neon laser at 632.8 nm) were collected to
characterize the carbon coating and GO details in the wavelength range of 500-2500 cm-1.
Atomic force microscopy (AFM, MPF-3D, Asylum Research, Santa Barbara, USA) was
employed to detected the thickness of the GO sheets. The vibration states of existing
functional groups were examined via Fourier transform infrared spectroscopy (FT-IR,
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spectral resolution of 4 cm-1 on a Thermo Nicolet Nexus 670 FT-IR spectrometer). The
magnetic measurements were performed via a Quantum Design physical properties
measurement system (PPMS) combined with a vibrating sample magnetometer (VSM) option
at various temperature (5– 300 K) from –20000 Oe to 20000 Oe.
DFT study: The first-principle calculations were conducted based on the density
function theory (DFT ) through VASP package, and the electronic states was extended by
projector augmented wave (PAW) method with cutoff kinetic energy of 400 eV. The
generalized gradient approximation (GGA) exchange-correlation function developed by
Perdew, Burke, and Ernzerhof (PBE) was adopted. The geometry was set to be relaxed until
forse on each atom below 0.1 eV Å-1.
Electrochemical Characterizations: The Na2Fe2(SO4)3 electrodes were fabricated via
mixing 70% (mass fraction, as follows) positive active material (NFS@C or NFS@C@GO),
20% carbon black (Super P, C45), and 10% binder (polyvinylidene, PVDF) ,forming a an
electrode slurry with a proper volume of N-methyl pyrrolidone (NMP). The slurry was coated
on Al foil, and the loading mass was measured to be ~ 1.6 mg cm-2. Then, the coated Al foil
was immediately transferred to an oven and dried at 120 ℃ overnight in vacuum. After
drying, the electrodes were pressed at 10 MPa and then punched into round single electrodes
(0.95 cm in diameter). The counter electrode was sodium metal. The electrolyte was made
from 1 M NaClO4 dissolved in an ethylene carbonate (EC)- propylene carbonate (PC) mixed
solution (1:1 by volume) with 5% (in volume) fluoroethylene carbonate (FEC) additive. All
the coin cells were assembled in an Ar filled glove box, and the concentrations of O2 and H2O
were carefully controlled below 0.1 ppm. A NEWARE test system was employed to
determine the electrochemical properties of the as-prepared electrodes. The voltage window
between 1.9- 4.3 V was selected, and 1 C= 120 mA g-1. Electrochemical impedance
spectroscopy (EIS) was employed in the frequency range of 100 kHz to 10 mHz with the
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amplitude of 10 mV (AC). Cyclic voltammetry tests were conducted with scan speeds from
0.05 mV s-1 to 0.4 mV s-1. Galvanostatic intermittent titration technique (GITT) testing was
carried out on a Land battery testing system after 30 cycles of the fresh coin cell. The testing
current was set at 0.1 C (12 mA g-1).

6.3 Results and discussion

Figure 6.1 (a) Schematic illustration of the synthesis of NFS@C@GO sample. (b) Rietveld
refinement pattern of synchrotron powder X-ray diffraction results for NFS@C@GO.The
experimental data and calculated profiles are marked by small circles and the black line,
respectively. The theoretical Bragg positions are displayed with blue ticks below. The insets
are the corresponding schematic illustrations of the structure implied by the fitted results with
enlargements of the typical crystalline structure of a single unit.
A schematic illustration of the specific synthetic procedure is presented in Figure 6.1a. The
detailed processes are described in the experimental section. GO was prepared by a Hummers’
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method as previously reports.267 The well dissolved and mixed solution was dropwise added
into liquid nitrogen. During the subsequent sintering process, the polypyrrole can act as the
source for in-situ carbon coating, which can avoid inhomogeneous or incomplete coating
when compared with post-carbon-coating routes.237 For comparison, a sample without GO
wrapping (NFS@C) was selected as the reference sample. The sintering temperature was set
at 350℃ due to the thermal instability shown in Figure 6.2 in the Supporting Information.
The carbon contents of NFS@C and NFS@C@GO samples were measured to be 1.79 % and
3.45 % in weight ratio, respectively.

Figure 6.2 Thermogravimetric (TG) analysis of both (a) NFS@C and (b) NFS@C@GO
samples, where the wrapped GO was estimated to be 2.16 % of the total weight. Also, above
385 ℃, both samples began to lose weight because of the natural properties of sulphates.
Thus, the sintering temperature was set at 350 ℃.
In order to obtain accurate phase information, high-resolution synchrotron powder X-ray
diffraction (s-XRD) was employed to detect the phase constitution and atomic site occupation.
The data was analyzed via GSAS-II software, and the results are shown in Figure 6.1b.208 The
fitting was satisfactory, with high reliability indicated by the weighted profile R-factor, Rwp =
6.47%. This new alluaudite-type sulphate material reported herein is more suitable with space
group of C2/c symmetry (compared with P21/c), which is monoclinic (No. 15) with lattice
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parameters a = 11.5612(1) Å, b = 12.6499(9) Å, c = 6.5203(5) Å, β = 96.48°, and V =
947.3543(4) Å3 for the NFS@C@GO composite. The recent study indicates that both the
C2/c symmetry and P21/c symmetry are indistinguishable when optimized since there is no
obvious difference for the localized Na atoms and their freely migrations. According to a
previous report from the Yamada group, this sulfate compound can be denoted as an
AA′BM2(XO4)3 alluaudite-type material, where A and A′ are sites partially occupied by
sodium (Na(2) and Na(3) sites), B is a fully occupied sodium ion site (Na(1) sites), M is the
Fe ion site, and X is S in this case.124 Within this crystal structure, there are three different
kinds of sites for sodium atoms, while there is one kind of site for iron atoms. The impurities
that are commonly believed to be present such as Fe2O3, FeO, Fe3O4, and β-FeSO4 cannot be
found or indexed in either NFS@C or NFS@C@GO composite according to the synchrotron
data. The typical crystalline structure is presented and enlarged in Figure 6.1b. The [Fe2O10]
dimer along the c-axis consists of two edge-sharing FeO6 octahedra, and the oxygen atoms
are corner-shared between one FeO6 octahedron and one SO4 tetrahedron. These single units
are infinitely repeated along the ac plane, forming the primary framework of the material, and
thus an ideal tunnel can be created along the c-axis for Na ion diffusion. The Fe2+ ions in this
structure are believed to be in a high spin state (t2g4 eg2 configuration), because the pairing
energy usually dominates the spin-spin splitting state in the octahedral weak field.268 Also the
partially occupied sodium ions in Na(2) and Na(3) sites may provide a flexible environment
for both the diffusion of sodium ions and Fe migration from the Fe ion to Na(1) site, which
will be discuss in detail later.269
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Figure 6.3 TEM images of (a) NFS@C and (b) NFS@C@GO samples. (c) and (d) HRTEM
images of NFS@C and NFS@C@GO samples, respectively. The insets are the
corresponding selected area electron diffraction (SAED) patterns. (e) and (f) STEM-EDS
mapping results showing the indicated elements for both the NFS@C and the NFS@C@GO
samples, respectively.
The morphologies of both samples after annealing at 350℃ were further investigated via
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The
average particle size of both samples is around 0.4-0.8 µm, and it can be seen that after the
freeze-drying procedure, the GO is in close contact with the particles, which nicely provides a
highly electronically conductive carbon network for Na2Fe2(SO4)3 (Figure 6.3a and b). Also
the characteristics of the carbon coating were examined in Figure 6.3c and d for NFS@C and
NFS@C@GO, respectively. The thickness of carbon layers was measured to be ~ 3-4 nm,
which will offer a preliminary carbon network at the first stage of electron transition. The
Raman spectra revealed the nature of the GO carbon in NFS@C@GO sample with an
increased intensity ratio of the D band to the G band (ID/IG) from 0.98 to 1.20 (Figure
6.4a).270
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Figure 6.4 (a) Raman spectra of NFS@C and NFS@C@GO. (b) Atomic force microscope
(AFM) image of the NFS@C@GO sample with inset line profile.
Also, the peaks located at 600 cm-1 and 1004 cm-1 can be indexed to the ʋ1 and ʋ2 stretching
modes of (SO4)2-, respectively.91, 134 In Figure 6.4b, the thickness of GO was measured via
atomic force microscopy (AFM) with the average result of ~2.7 nm. It is worth noting that
due to the severe beam damage during high-resolution transmission electron microscopy
(HRTEM) testing, liquid nitrogen was employed to cool down the samples.166,

222

The

corresponding inset selected area electron diffraction (SAED) pattern can provide another
perspective on the single crystal structure. Both samples displayed good crystallinity with the
indexed space group (C2/c) in Figure 6.3c and d (insets). In addition, the distribution of the
elements was also detected by the energy dispersive spectrometer (EDS) technique. It can be
seen that all the selected elements: Na, Fe, S, O, and C are homogeneously distributed
throughout the particle, which corresponds well to the highly pure phase detected in Figure
6.1b.
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Figure 6.5 X-ray photoelectron spectroscopy (XPS) results for the (a) NFS@C and (b)
NFS@C@GO samples.
What is more, from Figure 6.5, the results of X-ray photoelectron spectroscopy (XPS) show
that the valence of Fe is estimated to be +2, and only a tiny trace of Fe3+ can be detected in
both samples, which was determined via the semiquantitatively calculation. The Fourier
transform infrared (FT-IR) data (Figure 6.6) also display the typical vibration modes of the
SO4 units (symmetric stretching, ʋs ≈ 995 cm-1 and asymmetric vibration, ʋa ≈ 1093 cm-1),
and the vibrational bonds between Fe2+ and O2- in the isolated FeO6 units are located at 601
cm-1 (which also can be attributed to the asymmetric bending of SO4 at 610 cm-1).229, 271
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Figure 6.6 Fourier transform infrared spectrum (FT-IR) for both the NFS@C (a) and
NFS@C@GO (b) samples. The insets show the SO4 group structure.

Figure 6.7 The electrochemical profiles of both samples. (a) Rate capability (inset is the
initial and second charge-discharge curves of NFS@C@GO). (b) dQ/dV curves of first five
cycles (NFS@C@GO). (c) Comparison of the mid-range working voltage, the reversible
discharge capacity, and the integrated energy density of several recently reported
polyanionic-based cathode materials at 0.2 C. (d) Charge-discharge curves at different rates
for both samples. (e) Cycling stability of NFS@C@GO electrode up to 300 cycles (24 mA g1

) and 800 cycles (0.6 A g-1). (f) Discharge curves at different cycle numbers (24 mA g-1).

The inset is the mid-range working voltage retention within 300 cycles. (g) Galvanostatic
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intermittent titration technique (GITT) curves of NFS@C@GO material for the charge and
discharge process. The inset is the chemical diffusion coefficient of Na+ ions as a function of
voltage calculated from the GITT curve (after 30 cycles, current density: 0.1 C, 12 mA g-1).
(h) CV curves of NFS@C@GO electrode at different scan rates. The inset contains the log (i)
versus log (v) plots at different redox states. (i) The calculated capacitance contribution
(shadowed) area for the CV curve of NFS@C@GO at the scan rate of 0.3 mV s-1.
The electrochemical properties of both NFS@C and NFS@C@GO samples were tested in
coin cells with sodium metal anode. The loading density of each electrode was above 1.5 mg
cm-2. The theoretical specific capacity of Na2Fe2(SO4)3 in the given potential range was
calculated to be ~ 121 mAh g-1 according to the double electron transfer process. The
electrolyte was chosen to be ethylene carbonate/ propylene carbonate (EC/PC, 1:1 in volume)
with 1 M NaClO4 as the sodium salt, accompanied by 5% fluoroethylene carbonate (FEC, in
volume) as additive, according to previous reports.272 The NFS@C@GO electrodes showed
higher rate capability compared to the NFS@C electrodes at various current densities,
approaching 107.9 mAh g-1 at 0.1 C (1 C = 120 mA g-1), 75.1 mAh g-1 was still obtained at
10 C (Figure 6.7a). The improved rate performance at both low and high rates can be largely
ascribed to the well-designed carbon network with enhanced electrons transfer rates. It is
worth noting that the initial charge-discharge curve is slightly different compared with the
second cycle, although their capacities are almost the same. (Figure 6.7a, inset). This can be
more clearly observed in the dQ/dV plot (Figure 6.7b) according to the initial five
charge/discharge profiles (Figure 6.8a), while there are no obvious differences in the
subsequent cycles. This phenomenon is commonly ascribed to the ion migration during the
initial cycle, which will be confirmed and discussed later.94, 118, 130, 269
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Figure 6.8 (a) The galvanostatic charge/discharge curves of as-obtained NFS@C@GO
sample of first five cycles. (b) The subsequent four CV cycles curves of the NFS@C@GO
electrode after 300 cycles.
What should be especially pointed out is that the first cycle Coulombic efficiency for
NFS@C@GO electrode is nearly 100%. The first cycle Coulombic efficiency is very
important when making a full-cell, which is also the main bottleneck for anode materials.273
The charge transfer resistance was also reduced in NFS@C@GO electrode due to the
formation of the solid electrolyte interphase (SEI) layer. The SEM and TEM images of the
NFS@C@GO electrodes after the first charge and first discharge are displayed in Figure 6.9.
No obvious morphology changes can be seen after the initial charge and discharge, and the
characteristics of the monoclinic crystal are well maintained. We have also compared several
recently reported polyanionic-based cathode materials with relatively high energy densities in
Figure 6.7c. It can be seen the materials in our present work can deliver an energy density of
over 400 Wh kg-1, which is quite high among all the compared materials.97, 105, 116, 117, 124, 134,
213, 225, 238, 274-277
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Figure 6.9 Morphology of cycled NFS@C@GO electrodes. SEM images of electrodes after
the (a) first charge and (d) first discharge. TEM images of electrodes after the (b) first charge
and (b) first discharge. SAED patterns of electrodes after the (c) first charge and (e) first
discharge.
The energy densities of Na4Co3(PO4)2P2O7277 and Na3V2O2(PO4)2F276 are even higher than
that of our present work, but they may require a higher cut-off voltage or contain toxic
elements such as Co, V, or F. We also compared the voltage platform for the Fe2+/Fe3+ redox
couple with different elements in the Fe-XO4 coordination based on the frontier orbital theory
(see Figure 6.10).112, 124, 137, 278, 279 The X in the XO4 tetrahedron can be the elements As, P,
Mo, and S. According to the previous study, and when X = S, a voltage platform around 3.7
V can be achieved. The higher voltages can likely be ascribed to the enhanced electrostatic
repulsion since the shortest Fe2+-Fe2+ distance is in the edge-sharing Fe2O10 dimer.130
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Figure 6.10 Voltage platforms of the Fe2+/Fe3+ redox couple with different elements in the
Fe-XO4 coordination based on the frontier orbital theory.
The stronger electronegativity of sulfur is supposed to be another key factor for the high
voltage platform. The smaller electrochemical polarization of NFS@C@GO electrode
compared to NFS@C can be observed in Figure 6.7d at different C-rate tests. What is more,
from Figure 6.7e, satisfactory cycling stability was obtained for NFS@C@GO composite
over 300 or 800 cycles at different current densities (90.1 % at 24 mA g-1 after 300 cycles and
80.1% at 0.6 A g-1 after 800 cycles, respectively). The CV curves after 300 times cycles
exhibit the excellent reverbility as well (Figure 6.8b). To the best of our knowledge, this is
the first time that satisfactory long-term cycling data have been reported for Na2Fe2(SO4)3
material. Figure 6.11 shows the morphology of NFS@C@GO electrode after 800 cycles at
0.6 A g-1. No obvious cracks can be observed on the surface of the electrode (Figure 6.11a
and b), and the crystallinity was well maintained (Figure 6.11c). All the selected elements
remained well distributed (Figure 6.11d).
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Figure 6.11 (a) and (b) TEM images of NFS@C@GO electrode after 800 cycles at different
magnifications. The insets are the corresponding SEM images and a photograph of the cycled
glass fibre separator. (c) SAED pattern of the electrode. (d) STEM-EDS mapping results for
selected elements of the electrode after 800 cycles.
There were no sharp decreases in either the voltage platform or the capacity during cycling,
which is a key factor for maintaining the energy density. It was found that the mid-range
working voltage only experienced tiny decay (98.7 % retention after 300 cycles and 95.0 %
after 800 cycles), showing excellent potential for being the candidate for high energy cathode
in Na-ion batteries when compared with the layered transition metal sodium oxides, which
may show a dramatic mid-range working voltage drop.219, 280, 281
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The galvanostatic intermittent titration technique (GITT) was carried out in a coin cell after
30 cycles to reach the thermal equilibrium state (Figure 6.7g). It can be seen that a singlephase (solid-solution) reaction mechanism occurred in both the charge and the discharge
processes (31th cycle). The whole reaction equation can be written as follows, based on the
double electron transfer process:
Na2Fe2(SO4)3 ↔ 1.7Na+ + 1.7e- + Na0.3Fe1.73+Fe0.32+(SO4)3

(1)

The diffusion coefficients of Na+ ions at different voltage states were also calculated and are
displayed in Figure 6.7g (inset).249 It can be seen that the diffusion coefficients range from
10-12 to 10-10.8 cm2 s-1 within the voltage window of 3.2-4.1 V, which shows similar orders of
magnitudes compared with the NASICON-type cathode materials.264, 267 What is more, the
capacitance contribution can be calculated from the different scan rates (Figure 6.7h and i,
from 0.05 to 0.4 mV s-1).246 The non-faradic and faradic processes are always included in the
charge storage mechanism.247 For the intercalation mechanism in the cathode material, the
faradic process usually dominates the sodium ion storage, but the non-faradic process cannot
be neglected on the surface (especially for the extended surface area with GO in the
NFS@C@GO material), which is commonly regarded as the pseudocapacitance.248 The inset
in Figure 6.7h shows that the two kinds of energy formation both exist in the as-obtained
NFS@C@GO electrode, as the b value is around 0.75 within the observed peaks in Figure
6.7h, and the contribution of the non-faradic process is calculated to be 27.90 % to the total
current (Figure 6.7i). Besides, we also noticed the pseudocapacitance contribution in NFS@C
electrode, and it is estimated to be 24.80 % to the total current (Figure 6.12). So, it can be
deduced that good performance of NFS@C@GO electrode are both from the
pseudocapacitance and well-constructed carbon network, and the presence of GO largely
facilitates the electrons transitions, so the electrochemical polarization was greatly reduced
with increased charge/discharge rates (Figure 6.7d). The faradic process plays a key role in
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the material when it is operated at a fixed high potential, and the non-faradic process will be
beneficial for high rate capability with extended cycling life. This can be regarded as a key
fact for the excellent electrochemical properties.

Figure 6.12 (a) CV curves of NFS@C electrode at different scan rates. (b) log (i) versus log
(v) plots at different redox states. (c) The calculated capacitance contribution (shadowed) area
for the CV curve of NFS@C at the scan rate of 0.3 mV s-1.
For better understandings of the sodium storage mechanism, in-situ synchrotron XRD was
conducted via the powder diffraction beamline at the Australian Synchrotron. The variations
in the NFS@C@GO electrode at the first two charge/discharge cycles were recorded. We
calculated the corresponding parameter changes of the alluaudite-type Na2Fe2(SO4)3 material
based on the selected peaks shifts. The wavelength was changed to 1.5406 Å (Cu Kα) for
better comparison. Several peaks at the initial state were indexed and marked, as shown in
Figure 6.13a and b. All the marked Bragg reflections changed reversibly during
charging/discharging, suggesting that the framework of the crystal can be restored after
electrochemical activation. It can be seen that the reflections of the (020), (11–2), and (33–1)
planes shifted toward smaller 2θ values while the (11–1) and (22–2) reflections shifted
toward larger 2θ values. Such asymmetric variation usually means a slight distortion in the
crystal structure. Specifically speaking, the {111} reflection family in this alluaudite -type
Na2Fe2(SO4)3 material originates from the FeO6 octahedra and the Na(2) atoms (Figure 6.1b).
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Figure 6.13 In-situ synchrotron XRD patterns of pristine NFS@C@GO electrode for the
initial two cycles at current density of 50 mA g-1. (a) Individual reflections of the (020), (11–
1), (11–2), (22–2), and (33–1) peaks with the corresponding intensity range illustrations. (b)
In-situ synchrotron XRD patterns of the selected 2 theta degree ranges. (c) The corresponding
charging/ discharging voltages profiles. (d) Variation of lattice parameters a and b over the
first 2 cycles. (e) Variation of lattice parameter c. (f) Variation of the unit cell volume.
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After the continuous deintercalation of Na+ ions, the electrostatic repulsion between
neighboring Fe3+-Fe3+ is reduced, and thus, the distance between the components of the
[Fe2O10] dimer became wider. This can be regarded as the primary reason for the larger 2θ
shifts mentioned above. The wider distance of adjacent [Fe2O10] dimer will expand the Na+
ions diffusion channels and facilitate the fast kinetics properties while the voltage plateau still
can be well maintained. In the second cycle, this phenomenon still exists, which can be
considered as the intrinsic nature for localized lattice breathing. In addition, it is worth noting
that the lattice parameter c continuously decreased during charging (Figure 6.13e), which will
be beneficial for shortened transportation pathways of Na+ ions (especially for Na(2) and
Na(3) sites) along the c-axis, as calculated and reported previously. Also, as discussed above,
not all the Na+ ions can be extracted from the primary structure (with about 15 % Na+ ions
remaining in the structure), which can be regarded as a function of the binding pillars. The
lattice parameters a and c were breathing reversibly with the same tendency, showing that the
framework of crystal was not destroyed during cycling. The partially reversible b shrinkage
as well as the unsynchronized change with a and c values is the inherent reflection for the Fe
migration into vacant Na(1) sites so that the localized lattice distortion can be observed as
aforementioned. Interestingly, the partial inserted sodium ions at previous Fe(1) sites are still
electrochemical active with a broadened peak at ~3.4 V in the dQ/dV plot (Figure 6.7b). Thus
the Coulombic Efficiency can be maintained close to 100 % without losing activated sodium
sites. In addition, Figure 6.14a shows the paramagnetic characteristic of NFS@C@GO
material at room temperature (300 K) from -20000 to 20000 Oe. The absence of any
hysteresis indicates the absence of any ferromagnetic compositions. The calculated effective
magnetic moment (µeff) of NFS@C@GO is 5.25 µB/Fe per formula unit, which is relative
close to the theoretical value for high-spin Fe2+ (d6, t2g4 eg2, S= 2) (Figure 6.14b). This means
the typical octahedral weak field of the Fe2+ ions are dominating in the material (as illustrated
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in Figure 6.1b).261 Moreover, the initial containment of Na+ ions in the will bring more
possibilities for making full batteries, and the verified long cycle stability and high energy
density will offer a better choice for the cathode material for next-generation SIBs.

Figure 6.14 (a) Magnetization (M-H) curve of NFS@C@GO sample acquired at 300 K. (b)
Temperature dependence of magnetic susceptibility (M-T) (black line) of NFS@C@GO
powder in an applied field of 1000 Oe. The blue line is the inverse susceptibility of
NFS@C@GO and its fitted line (red dash-dot line).
The bond-valence (BV) calculations were employed to determine the charge distribution and
validate the crystal structure via utilizing the soft-BV parameters. The bond-valence is a wellestablished empirical tool to examine the ionic state and diffusion pathways, and has been
validated against experiment. In addition to the standard BV method, we also used the more
recent development of the methods to convert into an energy scale that has been calibrated
against DFT calculation. Both the bond-valence map and bond-valence electron voltage map
were conducted and displayed in Figure 6.15. In the bond-valence map (Figure 6.15a and b),
the isosurface value near 1 (roughly between 0.9 and 1.1) contains the volume in the crystal
structure where the Na+ ion will be found. It can be clearly seen that there are connected
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pockets of the occupancy between the entire main Na sites, where the Na+ ions can move
easily.

Figure 6.15 (a) and (b) The bond-valence maps of the refined Na2Fe2(SO4)3 material from
[010] and [001] directions, respectively. The corresponding 2D slice data are displayed in (c)
and (d) with (010) plane and (001) plane. The isosurface value was set from 0.95 to 1.05
valence units of positive mode for the possible valence of Na in the system. (e) and (f) The
Bond-Valence electron voltage maps of the refined Na2Fe2(SO4)3 material from [010] and
[100] directions, respectively. The corresponding 2D slice data are shown in (g) and (h) with
(001) reflection and (010) reflection. The isosurface value of was set at 0.3 eV above the
lowest energy point.
The connections are in-plane but there are no connections out of plane (as illustrated in
Figure 6.15c and d, the red area). In the bond-valence electron voltage map, the isosurface
near –3.5 eV shows the regions of lowest energy for the Na+ ion to occupy (Figure 6.15e and
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f). It looks similar to the BV map above but it also gives some additional information. In
particular, the activation barriers for in-plane motion appear to be < 0.7 eV which is very low.
In contrast, the activation barriers for out-of-plane motion appear to be > 6 eV. This suggests
that low dimensional motion of the Na should occur, which shows the similar predicting
results reported previously. Besides, we also find that the low energy area of Na+ ions in Na(1)
sites is also well connected with that of Na(3) sites but relatively weak with Na(2) sites. This
means that some of the Na+ ions in Na(1) sites can be extracted along bc plane followed with
the vacancies where created by removed Na+ ions from Na(3) and Na(2) sites. What we
observed is slightly different with what Yamada’s group had reported, since we believe that
the Na+ ions in Na(1) sites are not untransportable, and it is can be expected that some of the
capacity is contributed from the Na(1) sites. However, the effects on the structure stability of
Na+ ions transportations in Na(1) sites is still not clear. This obtained result also provides the
theoretical proofs of the equation proposed in Figure 6.7g. Besides, from a structure point of
view, the capacitance contribution is usually from the interfacial chemistry and the
electrochemical performance can be correspondingly improved. We employed the first
principles calculations on the coupling capability between Na2Fe2(SO4)3 and GO for the
electronic transformations. Based on the DFT calculations results, the bonding capability (in
the form of hydrogen chemical bond) of O (from Na2Fe2(SO4)3) and H (from GO) was
confirmed and calculated to be ~ 0.7 eV (Figure 6.16).

161

Chapter 6 A Novel Graphene Oxide Wrapped Na2Fe2(SO4)3/C Cathode Composite for Long Life and High Energy Density Sodium-Ion Batteries

Figure 6.16 The schematic illustration of the coupling process between the Na2Fe2(SO4)3 and
graphene oxide matrix based on the DFT study. The right image is the enlarged illustration
showing the detailed configurations between the interfaces.
This indicates that the GO in the Na2Fe2(SO4)3 hybrid not only offer high electronic
conductive medium, but also provided extra electrons pathways through the constructed
carbon networks. This also highlights the importance of utilizing GO in the sodium iron
sulfate framework and can be referred to other similar structures for the superior rate
capability and long-term cyclability of hybrid electrodes.

6.4 Conclusion
In summary, the carbon coated and GO wrapped Na2Fe2(SO4)3@C@GO material was
successfully fabricated via a simple freeze-drying procedure. The crystal structure was
identified as belonging to the space group C2/c without any impurities being detected. As
cathode, it can deliver a discharge capacity of 107.9 mAh g-1 at 0.1 C with capacity retention
above 90 % at the discharge rate of 0.2 C after 300 cycles. Nearly 100 % first cycle
Coulombic efficiency was achieved with a high energy density over 400 Wh kg-1, and only
tiny decay of mid-range working voltage can be observed, which is quite important for
maintaining energy density. The fast Na+ ion diffusion coefficient was calculated to be
around 10-12 to 10-10.8 cm2 s-1 via the GITT method, accompanied by a single-phase transition
process during charge and discharge. The contribution of pseudocapacitance was also
detected and calculated to be 27.90 % with respect to the total current. The variations of the
lattice parameters as well as the phase changes were detected via in-situ synchrotron powder
diffraction, and very little volume change was observed (1.82 % and 1.44 % for the first two
cycles), which contributes to the excellent cyclability of the electrochemical processes. Bondvalence (BV) calculations also show that low dimensional motion of the Na should occur
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with very low energy barriers. We believe that this high voltage, high-stability, high-ratecapability alluaudite-type Na2Fe2(SO4)3@C@GO material would be a very competitive
candidate for cathodes of next-generation SIBs towards extensive real applications.
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Chapter 7 New NASICON-Type Air Stable and All-Climate Cathode for
Sodium-Ion Batteries with Low-Cost and Long-Life High Power Density
The development of low-cost and long-lasting cathode materials for the sodium ion battery
have always been the key issue for the success of large-scale energy storage systems in the
commercial market. The utilization of earth-abundant elements such as iron can greatly
reduce the manufacturing costs, offering strong and broad application prospects. Besides, the
all-climate performance is strongly required since the energy storage systems should be able
to work at a wide range of atmospheric temperature. Here, we successfully synthesized a
newly recognized NASICON-type tuneable Na4Fe3(PO4)2(P2O7)/C nanocomposite via a
facile one-step sol-gel method, and it showed both excellent rate performance and
outstanding cycling stability over more than 4400 cycles. Its air stability and all-climate
properties were carefully investigated, and its potential as the sodium host in full cells has
been studied. Both in-situ synchrotron-based X-ray diffraction and in-situ X-ray absorption
spectroscopy were carried out to determine its structural reversibility and detailed valence
variations. Remarkable low 4.0 % volume change during cycling was observed. Its high
sodium diffusion coefficients were observed and analysed in detail via first-principles studies,
and its three-dimensional diffusion pathways were clearly identified regarding the sodium
super ionic conductor (NASICON). Our research indicates that this low-cost and
environmentally friendly Na4Fe3(PO4)2(P2O7)/C nanocomposite would be a very competitive
candidate as a cathode material for Na-ion batteries.

7.1 Introduction
Cost-efficient large-scale energy storage systems (EESs) have been in high demand in recent
years due to the rapid development of renewable energy resources (i. e., solar, wind,
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geothermal, and tidal energies).3,

4

Although advanced lithium-ion battery (LIBs)

technologies have led to commercially viable electric vehicles (EVs) and provided a
satisfactory energy density level for large-scale EESs, the issues of lithium costs and the
uneven global distribution of lithium resources have hindered their further applications in the
large-scale energy storage field.2, 6 Sodium-ion batteries (SIBs) have been considered as very
promising candidates for EESs because of their high abundance, wide availability, and the
low cost of sodium resources.1, 282 To achieve high-performance SIBs, however, is still a
great challenge, because it is necessary to discover or develop more suitable electrodes to
meet the requirements of high energy density and high cycling stability in the most costefficient way.7 The use of the redox chemistry of earth-abundant transition metals, however
will greatly reduce manufacturing costs, which will boost the real applications of SIBs in the
commercial EES market.20, 283
The polyanionic or mixed-polyanion system is one of the most important branches among
the various types of electrode materials that are suitable for SIBs, and they have been the
subject of extensive investigations for applications in recent years.257 Their three-dimensional
(3D) framework can provide strong and lasting structural support for repeated Na+ ion de/insertions with relative high operating potentials. Several vanadium-based compounds have
been widely studied as an important group of promising electrodes, such as NASICON-type
Na3V2(PO4)3,259,

284

Na3(VOx)2(PO4)F3-2x (x = 0 or 1),285,

286

,Na7V4(P2O7)4PO4,225,

228

etc.

These compounds exhibit satisfactory high energy densities that are comparable to those of
LIBs, based on multi-electron redox reactions (V3+/V4+ and V4+/V5+) and high operating
voltage, although the use of toxic and expensive V element remains a critical issue in real
applications. Other costly 3d transition metal element based materials such as Ni-based or
Co-based electrodes also require this problem to be addressed. Therefore, the highest
abundance and non-toxic 3d element, iron, is the most highly desirable element to be the
165

Chapter 7 New NASICON-Type Air Stable and All-Climate Cathode for Sodium-Ion Batteries with Low-Cost and Long-Life High Power Density

redox centre in the polyanionic or mixed-polyanion system.287 The Fe-based polyanionic
compounds have shown high structural stability with small volume change during cycling
and sufficiently long cycling stability with high energy density, which will definitely reduce
the overall electrode costs and promote the real applications of SIBs in large-scale EESs in
the near future.17, 20, 288, 289
Another critical issue for both LIBs and SIBs is their performance and reliability at allclimate temperature. The commercial LiFePO4 material only can deliver ~70 % capacity of
its theoretical value when the temperature is down to -20 ℃, which significantly lowers their
applicable energy density.290, 291 SIBs are facing even more severe low-temperature problem
since their intrinsic more sluggish solid-diffusion process compared with LIBs.254 Also at
high-temperature (over 40℃), some kinds of cathodes will encounter the inevitable capacity
loss and cyclicality degradation, such as layered oxides materials of both LIBs and SIBs.292,
293

The cathode Na+-host materials operated at room temperature have been extensively

investigated, however, the all-climate performances only received little attentions in recent
years.7,

294, 295

For real applications of SIBs in the commercial market, all-climate

performance is strongly required because the energy storage systems should be able to work
at a wide range of atmospheric temperature. Therefore, finding the environmentally friendly,
low-cost and all-climate cathode material is significantly meaningful for the real application
of SIBs.
In this scenario, we screened many kinds of iron-based polyanionic materials to
satisfactorily meet the demands mentioned above, and the recently reported new mixed
crystalline framework structure represented by the ortho-pyrophosphates, Na4Fe3(PO4)2P2O7,
came into our sight.117, 118, 296, 297 It possesses unexpected 3D sodium diffusion pathways in
the sturdy crystal framework, a typical NASICON-type structure that has not been well
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acquainted with, which can be considered as the key preliminary factors for the long-term
cyclability and low-temperature performances.1, 17 Hence, in this paper, we comprehensively
investigated the newly recognized NASICON-type Na4Fe3(PO4)2P2O7, a low-cost cathode
material with favourable Na storage properties, to demonstrate fast and stable electrochemical
properties at all-climate with tuneable

carbon coated nanoparticles to form a robust

composite material without losing its crystallinity. The uniformly carbon coated nanosized
particles will provide facile and rapid electron transport along with high ion diffusion
capability. Excellent rate performances were achieved, and impressive cycling stability was
obtained at both room temperature and low/high temperature (–20 ℃/50℃). In addition, we
found that this material is very stable in air, even after exposure for three months, and Febased full SIB configurations are demonstrated using Fe3O4 nanospheres as anode. In-situ
synchrotron X-ray diffraction (XRD) and in-situ X-ray absorption near-edge structure
(XANES) analyses further revealed the outstanding reversibility of Na4Fe3(PO4)2P2O7 in
detail. We also employed the density functional theory (DFT) studies as well as bond valence
sum (BVS) calculations to examine the details on each possible sodium diffusion pathway.
Our results indicate that this new NASICON-type Na4Fe3(PO4)2P2O7 material is a very
promising cathode candidate for the next generation of SIBs in the near future.

7.2 Experimental section
Synthesis of nanosized Na4Fe3(PO4)2P2O7 plates (denoted as NFPP-E) and microporous
Na4Fe3(PO4)2P2O7 particles (denoted as NFPP-C): Both the NFPP-E and the NFPP-C particles were
prepared via typical sol-gel methods. All the chemicals used in this paper were analytically pure, and
purchased from SIGMA-ALDRICH without further purifications. In a typical process, 4 mmol
sodium acetate, 4 mmol ammonium phosphate, 0.1 g glucose, and 0.1 g stearic acid were added to 20
ml de-ionized water with magnetic stirring until a transparent solution was obtained (denoted as
solution A). 3 mmol iron (II) acetate, 0.8768 g ethylenediaminetetraacetic acid, and 0.05 g
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cetyltrimethylammonium bromide were added to 20 ml de-ionized water with magnetic stirring until a
transparent solution was obtained (denoted as solution B). Then solution B was added dropwise to
solution A with vigorous stirring. Then the mixed solution was heated in a water bath at 90 ℃ until all
the excess water was removed and the sol-gel precursor was obtained. The precursor was ground into
a fine powder and then annealed at 500 ℃ for 24 h under high purity Ar gas atmosphere with an
intermediate grinding. The final nano-sized Na4Fe3(PO4)2P2O7 plates were denoted as NFPP-E in this
paper. For the microporous Na4Fe3(PO4)2P2O7 particles, all the preparation procedures were the same,
except that 0.6305 g citric acid monohydrate replaced the 0.8768 g ethylenediaminetetraacetic acid in
solution B. The final product was denoted as NFPP-C in this paper. Both of the final NFPP-E and
NFPP-C samples were transferred into an Ar filled glove box after annealing until further use.
Synthesis of polypyrrole (PPy)-coated Fe3O4 nanospheres: The Fe3O4 nanospheres were prepared via
a solvothermal method using trisodium citrate as stabilizer and FeCl3 as raw material in ethylene
glycol solution. Specifically, 4 mmol FeCl3•6H2O and 1.3 g trisodium citrate were dissolved in 30 ml
ethylene glycol by stirring for 2 h; then, 0.28 sodium acetate was added into the solution. After 1 h of
ultrasonication and 1 h of magnetic stirring, the yellow solution was transferred to and sealed in a
Teflon-lined autoclave. The autoclave was maintained at 180 ℃ for 12 h and then cooled down to
room temperature naturally. The Fe3O4 nanoparticles were obtained by centrifugation for several
times with water and ethanol. Then, 30 mg of the as-obtained Fe3O4 nanospheres was added to 30 mL
de-ionized water with paddle stirring in a three-neck round-bottom flask. 600 μL pyrrole was added to
the solution with 2 h of ultrasonication and 12 h of stirring. The final PPy-coated Fe3O4 nanospheres
were obtained via freeze-drying under vacuum for 24 h.
Materials characterization: X-ray diffraction (XRD) was employed to characterize the crystalline
structure of the obtained samples in the 2θ range of 15 ° - 45 ° (GBC MMA diffractometer, Cu Kα
radiation, λ = 1.5406 Å, 1 ° per minute, step size of 0.02 ° s-1). Synchrotron powder diffraction data
were collected at the Australian Synchrotron beamline at the wavelength (λ) of 0.7748 Å, calibrated
with the standard reference material (National Institute of Standards and Technology (NIST) LaB 6
660b), and analysed via GSAS-II software.208 Schematic representations of the synchrotron XRD data
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were obtained by VESTA software.298 The morphologies of both samples were examined through a
field emission scanning electron microscope (FESEM, JEOL JSM-7500FA). The detailed structural
information on the crystals was determined by both high resolution transmission electron microscopy
(HRTEM, JEOL 2010, 200 kV) and scanning transmission electron microscopy (STEM, JEOL JEMARM200F, 200 kV) with EDS mapping and a selected area electron diffraction (SAED) module. The
angular range of collected electrons for the HAADF images was around 70-250 mrad. The EDS
mapping results were obtained via STEM using NSS software. Thermogravimetric (TG) analysis was
performed on a Mettler Toledo TGA/DSC1 with a heating rate of 10 ℃ min-1 in air. The surface
information was collected via tX-ray photoelectron spectroscopy (XPS) with Al Kα radiation. Raman
spectra (JY HR800 Spectrometer, 10 mW helium/neon laser at 632.8 nm) were collected to
characterize the carbon of both samples. The vibration states of existing functional groups were
examined via Fourier transform infrared spectroscopy (FT-IR, spectral resolution of 4 cm-1 on a
Thermo Nicolet Nexus 670 FT-IR spectrometer). The magnetic measurements were performed via a
Quantum Design physical properties measurement system (PPMS) combined with a vibrating sample
magnetometer (VSM) option at various temperature (5– 300 K) from –20000 Oe to 20000 Oe. The
Brunauer–Emmett–Teller (BET) testing was carried out using a micromeritics Tristar II 3020 surface
area analyzer. The valence states of Fe in the Na4Fe3(PO4)2P2O7 were characterized via XANES
analysis. The in-situ XRD was conducted at the P02.1 Powder Diffraction beamline and XANES
spectra were recorded at the P64 XAS beamline of the DESY synchrotron. Atomic force microscopy
(AFM) test for nano-plate particles was performed on MPF-3D, Asylum Research, Santa Barbara,
USA.
Electrochemical testing: The NFPP-E and NFPP-C electrodes were prepared by mixing 80 wt. %
active material, 10 wt. % conductive carbon black, and 10 wt. % polyvinylidene fluoride (PVDF,
binder) to form the electrode slurry with a proper amount of N-methyl-2-pyrrolidone (NMP) as
solvent. The slurry was uniformly coated on aluminium foil, followed by vacuum drying at 120 ℃
overnight. The Fe3O4 electrode was prepared by mixing 80 wt. % active material, 10 wt. % conductive
carbon black, and 10 wt. % carboxymethyl cellulose (CMC, binder) to form the electrode slurry with
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a proper amount of de-ionized water as solvent. The slurry was uniformly coated on copper foil,
followed by vacuum drying at 80 ℃ over night. The dried slurry on Al/Cu foil was pressed under 10
MPa and punched into small disc electrodes. The loading density was about 2.0 mg cm-2 for the
positive electrodes. The loading density of negative electrodes was about 1.0-1.2 mg cm-2. The weight
ratio of the two electrodes was balanced with reference to the corresponding reversible capacity, and
the current density was based on the anode mass. Na metal and Fe3O4 electrodes were used as counter
electrodes in the half cell and full cell measurements, respectively. The electrolyte was 1 M NaClO4
in ethylene carbonate (EC) ‒ propylene carbonate (PC) solution (1:1 by volume) with 5 vol. %
addition of fluoroethylene carbonate (FEC). Coin cells (CR2032) were assembled in a glove box filled
with ultra-pure Ar, and the concentrations of O2 and H2O were kept under 0.1 ppm. The
electrochemical properties were examined by a NEWARE test system. The voltage window was set
between 1.9 V - 4.1 V, and 1 C = 120 mA g-1. Electrochemical impedance spectroscopy (EIS) was
employed in the range of 100 kHz to 10 mHz, with the amplitude of the AC voltage set at 10 mV
(Bio-Logic VMP-3 electrochemical workstation). Ionic conductivity was obtained by the equation (1)
σ = L / (R * S)

(1)

Where L is the thickness of the electrodes, R is the resistance tested by the same EIS mentioned above
and S is the area of the electrode films. Cyclic voltammetry tests were carried out at various scanning
speeds from 0.05 mV s-1 to 0.4 mV s-1 in the voltage window of 1.9 V - 4.1 V. Galvanostatic
intermittent titration technique (GITT) measurements were conducted on a Land battery testing
system after 10 cycles to let the electrolyte/electrode reach its equilibrium state (current density: 6 mA
g-1, 0.05 C).
Bond-Valence (BV) calculations and Density Functional Theory (DFT) calculations: The charge
distribution and possible Na+ ion motions were calculated using soft-BV parameters. First principles
calculations were performed using the Vienna ab-initio simulation package (VASP),299 which is based
on density functional theory and the plane-wave pseudo potential method,300 with the following
settings. The generalized gradient approximation (GGA)301 with the Perdew-Burke-Ernzerhof (PBE)
exchange correlation function was used with the plane-wave cut-off energy set at 400 eV for all
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calculations. The criterion of convergence is that the residual forces are less than 0.02 eV Å-1 and the
change in the total energy is less than 10-5 eV. All calculations were performed using periodic
boundary conditions, and the Brillouin-zone integrations were performed using an 3×3×3 MonkhorstPack grid.

7.3 Results and discussion
Both nanosized Na4Fe3(PO4)2(P2O7) plates (denoted as NFPP-E) and microporous
Na4Fe3(PO4)2(P2O7) particles (denoted as NFPP-C) materials were successfully synthesized
via a facile one-step sol-gel method. The detailed synthesis procedures for both samples can
be found in the experimental section. In order to obtain accurate phase information, highresolution synchrotron powder X-ray diffraction (s-XRD) was employed to determine the
phase constitution and atomic site occupations. Figure 7.1a shows the satisfactory Rietveld
refinement of NFPP-E with a good weighted profile R-factor (Rwp = 6.97 %). The sample was
indexed in the orthorhombic Pn21a space group, as previously reported by Kang’s group,118
with lattice parameters α = 17.6433(6) Å, b = 6.3616(4) Å, c = 10.2043(4) Å, and V =
1145.342(3) Å3 for NFPP-E compound.
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Figure 7.1 Characterizations of as-prepared sample. Rietveld refinements of (a) NFPP-E.
Schematic representations of the refinement results are presented in the insets. (b) XPS
spectra of C 1s and corresponding deconvolution curves of both NFPP-E and NFPP-C
samples. (c) Raman spectra of both samples in the Raman shift range from 100 cm-1 to 1800
cm-1. (d) SEM images of NFPP-E and (e) Transmission electron microscope (TEM) image of
NFPP-E particles. (f) The Bright Field (BF) image of NFPP-E with carbon layers. (g)
HAADF image from aberration-corrected STEM and the crystal structure of NFPP-E viewed
from the [010] direction. The insets are the corresponding signal response along the selected
lines. (h) The corresponding SAED pattern of NFPP-E and (i) Atomic force microscopy
(AFM) test of NFPP-E nano-plate particles and their corresponding heights. (j) The STEMEDS mapping results with selected elements of NFPP-E.
The typical crystalline structure is presented as the inset in Figure 7.1a. In the open 3D robust
framework, each [Fe3P2O13] unit is composed of three FeO6 octahedra and three PO4 groups,
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and the [Fe3P2O13] unit along the a-axis consists of three FeO6 octahedra and three PO4 group,
and then the [Fe3P2O13]∞ infinite layers are connected by [P2O7] groups along the a direction,
thus leading to the formation of large primary tunnels along the b direction. The NFPP-C
sample also shows good crystallinity with the space group Pn21a.

Figure 7.2 Magnetization (M-H) curves of (a) NFPP-E and (c) NFPP-C samples at 300 K.
Temperature dependence of magnetic susceptibility (M-T) (black line) curves of (b) NFPP-E
and (d) NFPP-C in an applied field of 1000 Oe. The dashed blue line in (b) and the dashed
magenta line in (d) are the fitted inverse susceptibility results for NFPP-E and NFPP-C,
respectively.
We also observed trace amounts of maricite (NaFePO4) impurities (around 4 % in both
NFPP-E and NFPP-C samples). Figure 7.2 shows the paramagnetic properties (magnetization
curve (M-H) and temperature dependence of the magnetic susceptibility (M-T)) of both
samples on probing the spin state of Fe. It can be seen that the hysteresis loop of NFPP-C is
slightly larger than that of NFPP-E, which can be ascribed to the slightly higher proportion of
impurities as indicated by the refinement. The calculated effective magnetic moments (μeff) of
NFPP-E and NFPP-C are 5.04 μB/Fe and 5.19 μB/Fe per formula unit, respectively, which are
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close to the theoretical value (4.89 μB/Fe per formula unit) for high-spin Fe2+ (d6, t2g4 eg2, S =
2).302

Figure 7.3 Thermogravimetric (TG) analysis in air atmosphere of the (a) NFPP-E and (b)
NFPP-C samples, respectively.
The carbon contents of NFPP-E and NFPP-C were detected to be 3.6 wt. % and 4.1 wt. %,
respectively, according to the thermogravimetric (TG) analysis in Figure 7.3. We further
characterized the carbon via employing X-ray photoelectron spectroscopy (XPS) and Raman
spectroscopy. Peak deconvolutions were carried out to fit the C 1s spectra to three main
bonding configurations (Figure 7.1b). The typical π-bonding graphite-like carbon peaks for
delocalized electrons are located at 284.6 eV in both samples. Peaks with higher energies (sp3
carbon), namely, C-O (285.8 eV) and O=C-O (288.7 eV) were observed and fitted. It was
found that 65.9 % of the carbon originated from graphitized carbon in the NFPP-E sample
while this value in NFPP-C was only 52.3 %, which indicates that the carbon conductivity of
NFPP-E may higher than that of NFPP-C. In addition, the Fe 2p XPS spectra in Figure 7.4
reveal the chemical compositions and surface electronic states of Fe element.
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Figure 7.4 X-ray photoelectron spectroscopy (XPS) results on Fe for the (a) NFPP-E and (b)
NFPP-C samples.
No obvious difference can be detected except for a tiny binding energy shift, and the Fe
deconvolution curves indicate that the valence of Fe in both samples is similar. The Raman
spectra of Na4Fe3(PO4)2(P2O7) range from 150 to 800 cm-1, as shown in Figure 7.1c. The
detected peaks at 218.7 cm-1 and 288.0 cm-1 can be assigned to the stretching vibrations and
bending motions of the PO4 tetrahedra, respectively, and the peak located at 402.1 cm-1 is
mainly due to the stretching vibrations of FeO6 octahedra.91 It is worth noting that the
intensity ratio of the D band to the G band (ID/IG) value of the NFPP-E sample (1.04) is larger
than that of the NFPP-C sample (0.94). The D-band is mainly due to defects, edges, or
structural disorder while the G-band normally represents the E2g mode of sp2 carbon layers.
This phenomenon indicates that the carbon conductivity of the NFPP-E particle surface
would be higher than that of NFPP-C, which is in good accordance the C 1s deconvolution
curves in Figure 7.1b. The typical vibration modes of both the PO4 units and FeO6 octahedra
were also detected in the Fourier transform infrared (FT-IR) spectrum. The predominant
overlapping of v1 and v3 symmetric and asymmetric stretching modes of PO4 unit is around
1109 cm-1, while v2 and v4 symmetric and asymmetric bending modes of PO4 tetrahedra are
responsible for the splitting of O-P-O peaks in the range from 590 to 740 cm-1. The peak
around 543 cm-1 presents the vibration of bonds between Fe2+ and O2- in the isolated FeO6
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octahedra.19 The presence of O-C=O (2361 cm-1) asymmetric stretching and C=O vibrations
indicate the nature of the carbon bonded to the surface of the as-obtained materials.
The typical scanning electron microscope (SEM) and scanning transmission electron
microscope (STEM) images in Figure 7.1 and Figure 7.5 visually confirm the nanosized and
microporous morphologies of the as-prepared NFPP-E and NFPP-C samples. The NFPP-E
particles formed a nano-plate like morphology with an average particle size around 150 nm,
as shown in Figure 7.1d and e, while the NFPP-C particles crystallized in an average particle
size of 2 μm with abundant microporous architecture on the surface, as displayed in Figure
7.5a-c. We employed the Brunauer–Emmett–Teller (BET) testing to detect the specific
surface areas, and values of 3.52 and 9.74 m2 g-1 were obtained for the NFPP-E and NFPP-C
samples, respectively. It was found that the average pore size of NFPP-C particles is slightly
larger than that of NFPP-E, which in good accordance with their porous nature, as observed
in SEM the images. Both the samples displayed good single crystallinity with the indexed
space group Pn21a, and coated carbon layers on NFPP-E and NFPP-C particles (Figure 7.1f
and Figure 7.5d) were measured to be 4 nm and 3 nm, respectively.
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Figure 7.5 Morphology characterizations of NFPP-C samples. (a) and (b) SEM images of
NFPP-C at different magnifications. Transmission electron microscope (TEM) image of (c) N
NFPP-C and (d) Bright Field (BF) image of NFPP-C with carbon layers., respectively.
HAADF image from aberration-corrected STEM and the crystal structure of (e) NFPP-E
viewed from the [010] direction. The insets are the corresponding signal response along the
selected lines. (f) SAED pattern of NFPP-E. (g) The STEM-EDS mapping results with
selected elements of NFPP-E.
Typical high-angle angular dark-field (HAADF) images exhibit an atomic-level crystal
structure viewed along specific crystallographic directions where positions of Fe and P heavy
atomic columns can be clearly identified (Figure 7.1g and Figure 7.5e). Since the signal
intensity in a HAADF image is proportional to the atomic number (Z), the O atoms are
invisible. Relative positions and contrast of Fe, P, and Na can be better acquired with help of
linear profiles. The framework structures with void space along the [010] and [111] directions
were identified for the NFPP-E and NFPP-C samples, respectively, and the corresponding
schematic illustrations are also presented as insets. Selected area electron diffraction (SAED)
patterns of NFPP-E and NFPP-C samples also confirmed the well-crystallized structure of
both samples (Figure 7.1h and Figure 7.5f). The atomic force microscopy (AFM) technique
was used to measure the heights of the nano-plates and an average height of 18 nm of NFPPE nanoparticles was observed (Figure 7.1i). Energy dispersive spectroscopy (EDS) mapping
results were also acquired via the STEM-EDS technique and the results are displayed in
Figure 7.1j and Figure 7.5g. The mapping results indicate that the elements Na, Fe, P, O, and
C coexist and are distributed uniformly in both NFPP-E and NFPP-C particles, which is in
good agreement with the refined powder diffraction results.
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Figure 7.6 Electrochemical profiles of both samples. (a) Rate capability of both samples
from 0.1 C to 20 C. The inset is the cycling stability at small current density (0.05 C). (b)
Cyclic voltammetry (CV) curves for the first 5 cycles of NFPP-E electrode (scan rate 0.05
mV s-1). (c) Charge-discharge curves at different rates for both samples. (d) Cycling stability
of NFPP-E electrodes over 250 cycles at 0.2 C and 430 cycles at 0.5 C. (e) Long-term cycling
stability (4400 cycles) at high rate (20 C) for both NFPP-E and NFPP-C electrodes. (f)
Galvanostatic intermittent titration technique (GITT) curves of NFPP-E material for both
charge and discharge processes. The inset is the chemical diffusion coefficient of Na+ ions as
a function of voltage calculated from the GITT profile (after 30 cycles, current density: 0.05
C). (g) The calculated capacitance contribution (shadowed area) for the CV curve of NFPP-E
at the scan rate of 0.3 mV s-1.

178

Chapter 7 New NASICON-Type Air Stable and All-Climate Cathode for Sodium-Ion Batteries with Low-Cost and Long-Life High Power Density

The electrochemical properties of both the NFPP-E and the NFPP-C samples were tested in
coin cells with sodium metal anodes. The loading density of active material for each prepared
electrode was measured to be about 2.0 mg cm-2 to avoid weighting deviations. The
electrolyte consisted of ethylene carbonate/propylene carbonate (EC/PC, 1: 1 by volume)
with 1 M NaClO4 as sodium salt and 5 vol. % fluoroethylene carbonate (FEC) as additive.272
The NFPP-E electrode showed excellent electrochemical performance at various current
densities (Figure 7.6a). It delivered discharge capacities of 113.0 mAh g-1 and 108.3 mAh g-1
at 0.05 C and 0.1 C (1 C= 120 mA g-1), and even up to 20 C, there was still 80.3 mAh g-1
remaining, which is completely comparable with the known sodium superionic conductor
(NASICON)-structured polyanionic materials such as the well-studied Na3V2(PO4)3 material.
We also compared the C-rate performances of recently published iron-based polyanionic
materials, and it can be found that our as-obtained material shows the best C-rate
performance among them up to 20 C (Figure 7.7).17, 91, 94, 105, 113, 118, 124, 127, 134, 136, 138, 303-305 It
can be seen that, at small current densities, there was no obvious discrepancy between the
NFPP-E and NFPP-C electrodes, indicating the high ionic conductivity nature of the
Na4Fe3(PO4)2(P2O7) particles. The inset of Figure 7.6a presents the cycling stability of both
electrodes at 0.05 C for 50 cycles, and there was almost 100 % retention for both samples,
reflecting the robust framework of this mixed-polyanion system. Also, the initial Coulombic
efficiency (ICE) was nearly 100 % for both samples, which will greatly facilitate their real
application in full SIBs.
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Figure 7.7 C-rate comparison of recently published iron-based polyanionic materials.
The high rate performance of NFPP-E was better than that of NFPP-C, which can be
explained by the nanosized particles, which shortened the sodium diffusion distances.
Excellent reversibility was obtained with no obvious discrepancy between the first and
second cycles except small peak position changes (SEI (solid electrolyte interphase) layer
formation), which indicates that topotactic single phase variation takes place during cycling
without iron atom migration to their favoured face-sharing tetrahedral sites, which may result
in a non-equilibrium phase transition (usually seen in alluaudite or pyrophosphate
frameworks). The same situation between the first two cycles of NFPP-C electrode was
observed and is shown in Figure 7.8a.
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Figure 7.8 (a) CV curves of NFPP-C electrode for the first two cycles (scan rate 0.05 mV s-1).
EIS spectra of NFPP-E electrode (b) before cycling and (c) after the first cycle. The insets are
the equivalent circuits used for interpreting the data. CPE: constant phase element, W:
Warburg impedance.

Figure 7.9 (a) Mid-working platform retention of NFPP-E electrode over 430 cycles at 0.5
Cs. (b) and (c) SEM images of NFPP-E after 4400 cycles. (d) and (e) SEM images of NFPPC after 4400 cycles.
Also, the reduced charge transfer resistance after the first cycle in the electrochemical
impedance spectroscopy (EIS) spectra indicates the formation of a SEI layer on the particle
surface (Figure 7.8b and c). Much alleviated electrochemical polarization compared with that
of NFPP-C can be observed the NFPP-E electrode in Figure 7.6c. In addition, the as-prepared
NFPP-E electrode showed outstanding cycling stability at various C-rates. Figure 7.6d
displays the cycling performance at 0.2 C and 0.5 C for 250 cycles and 430 cycles,
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respectively, and capacity retention of 85.0 % and 84.0 % could be obtained. It is worth
noting that there was almost no mid-voltage decay (retention of 98.9 %) within 430 cycles
(Figure 7.9a), and this value is very important to the total energy density for practical use. We
also tested both NFPP-E and NFPP-C electrodes at high rate (20 C, Figure 7.6e), and similar
capacity degradation was obtained for both electrodes, indicating that the morphology and
particle size are the only reasons for the electrochemical discrepancy. Capacity retention of
69.1 % and 57.2 % for NFPP-E and NFPP-C, respectively, was achieved after 4400 cycles.
Then we extracted the electrodes from coin cells to acquire more details. No obvious cracks
can be seen on the surfaces of the NFPP-E and NFPP-C electrodes (Figure 7.9b-e).

Figure 7.10 TEM and HRTEM images of (a) and (b) NFPP-E electrode and (d) and (e)
NFPP-C electrode after 4400 cycles. The insets in (b) and (e) are images of the glass fiber
separators after disassembly. (c) and (f) present the corresponding SAED patterns of both
electrodes.
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From Figure 7.10, it can be seen that the primary morphologies had not been destroyed even
after 4400 high-rate cycles. Good crystallinity was still can be founded in the high resolution
TEM (HRTEM) images as well as the SAED patterns of both samples. All the existing
elements (Na, P, Fe, O, C, and F (from the binder)) were uniformly distributed, and the
porous structure of NFPP-C was well maintained.
The galvanostatic intermittent titration technique GITT testing was carried out in a coin cell
after it was given 30 cycles to reach the thermal equilibrium state (Figure 7.6f). It can be seen
that a single phase (solid-solution) reaction mechanism appeared in both the charge and the
discharge processes. The theoretical capacity (128.9 mAh g-1) is based on a triple electron
transfer process, so the sodium diffusion coefficients fluctuated during the continuous sodium
de-/insertion from/into the framework (inset image in Figure 7.6f). The sodium diffusion
coefficients were in the range from 10-13 to 10-10 cm2 s-1 within the voltage window of 2.7-4.1
V, a performance which is highly comparable to those recognized NASICON-type cathode
materials with similar orders of magnitude. It is believed that non-faradic and faradic
processes always coexist in the charge storage mechanism. The faradic process can provide a
fixed working potential while the non-faradic process (commonly regarded as
pseudocapacitance) can help by providing fast charge transitions with extended cycling life.
The b value was determined to be around 0.72 with four redox peaks identified, and the nonfaradic process was calculated to be responsible for 23.4 % of the total current at 0.3 mV s-1
(Figure 7.6g). This can be regarded as one of the key factors behind the outstanding
electrochemical properties of NFPP-E electrode.

183

Chapter 7 New NASICON-Type Air Stable and All-Climate Cathode for Sodium-Ion Batteries with Low-Cost and Long-Life High Power Density

Figure 7.11 Air stability, low/high temperature performance and full cell performance. (a)
XRD comparison of NFPP-E powder in the fresh state and after exposure to air for three
months (Cu Kα radiation, λ = 1.5406 Å). (b) Fe 2p, C 1s, and P 2p XPS fitted spectra of
NFPP-E powder in the fresh state and after exposure to air for three months. (c) EIS spectra
of NFPP-E powder in the fresh state and after exposure to air for three months. (d) HRTEM
image of the powder after exposure to air for three months. The inset is the fast Fourier
transform (FFT) pattern of the marked area. (e) C-rate capability of NFPP-E electrodes: fresh,
exposed to air for three months, and fresh at both –20 ℃ and 50 ℃. (f) Cycling performances
of the four electrodes in (e). (g) Charge/discharge curves of polypyrrole (PPy)-coated Fe3O4
at various current densities. The insets are (top) SEM image of as-prepared Fe3O4
nanospheres and (bottom) the cycling performance. (h) Voltage profiles of the all-iron-based
Na4Fe3(PO4)2(P2O7)//Fe3O4 full cell for the first five cycles. (i) Cycling stability of the
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Na4Fe3(PO4)2(P2O7)//Fe3O4 full cell. The specific capacities of the full cell were all based on
the anodes.
We further tested the air stability and all-climate performance of NFPP-E material to provide
more practical details relevant to its real applications. Figure 7.11a shows an XRD
comparison between the fresh powder and powder exposed to air for three months. No
obvious peak shifts or variations can be seen. In addition, from the XPS results in Figure
7.11b, there are no detectable discrepancies or peak shifts that can be observed. We collected
EIS spectra and found that only a negligible difference appeared in the charge transfer
resistance, which might be ascribed to the individual cell assembly processes (Figure 7.11c).
The morphologies remained unchanged, and the particles surfaces were still well crystallized
even after being in contact with air for three months (Figure 7.11d). From Figure 7.11e and f,
it is clear that almost the same electrochemical performance can be achieved for all various
conditioned NFPP-E electrodes, and the Coulombic efficiency was maintained at around 100 %
for each cycle. From the characterizations conducted above, it can be deduced that this
Na4Fe3(PO4)2(P2O7) mixed polyanionic material has an air stable nature, which is quite
different from the pyrophosphates, which are usually unstable in air and face electrochemical
degeneration.112, 113 Thus, this material is also very promising for aqueous SIB systems.119
We assume that both the carbon coating layer and the robust phosphate anionic groups
contribute to the air stability of this Na4Fe3(PO4)2(P2O7) material. In addition, testing of allclimate performance was carried out at both –20 ℃ and 50℃. It can be seen that at low Crates at –20 ℃, the specific capacity of NFPP-E could reach 95.0 mAh g-1 and 84.7 mAh g-1
at 0.1 C and 0.2 C, respectively, but a fast capacity drop was encountered with increased
current densities. However, there were almost no difference between room temperature and
50 ℃ of NFPP-E electrodes, indicating that the superior electrochemical performance can be
well maintained in hot climate regions. The cycling stability of NFPP-E electrode at –20℃
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and 50 ℃ remained outstanding with 92.1 % and 91.4 % capacity retention at 0.5 C,
respectively, indicating that both low/high temperatures had no further influence on the
crystal structure apart from the kinetics factors. Besides, we also fabricated polypyrrole
(PPy)-coated Fe3O4 nanospheres to make the all-iron-based low cost SIB full cells. The
preparation details for the anodes can be found in the experimental section.

Figure 7.12 (a) XRD pattern of PPy-coated Fe3O4 nanospheres. The blue vertical lines are
the Bragg positions extracted from Fe3O4 (PDF#88-0315). (b) and (c) SEM images, and (d)
and (e) TEM images of as-obtained PPy-coated Fe3O4 nanospheres.
Figure 7.12 shows the XRD pattern and morphology of the as-obtained PPy-coated Fe3O4
nanospheres. Figure 7.11g displays the electrochemical behaviour of the as-obtained PPycoated Fe3O4 nanospheres, and capacity of around 250 mAh g-1 and 210 mAh g-1 was
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achieved and stabilized at 100 mA g-1 and 150 mA g-1, respectively. As shown in Figure
7.11h, an all-iron-based low-cost SIB full cell was activated and operated at 100 mA g-1 in
the voltage window of 0.1-4.0 V. It should be pointed out that, due to the low ICE of Fe3O4,
the anodes in the full cells were pre-cycled. The first cycle reversible efficiency reached as
high as 93.1 %, and no obvious curve discrepancies can be observed, indicating the excellent
reversibility of the as-fabricated full cell. All the specific capacities of the full cell were based
on the anodes. In Figure 7.11i, the full cell achieves capacity retention of 76.9 % at 100 mA
g-1 over 500 cycles and high Coulombic efficiency near 100 %.

Figure 7.13 Sodium-storage mechanism investigations. (a) In-situ synchrotron-based XRD
patterns and (b) corresponding charge-discharge curves of NFPP-E electrode during the first
cycle. (c) and (d) HRTEM images of fully charged and fully discharged NFPP-E electrodes.
(e) Lattice parameters variations of a, b, and c during the charge/discharge process. (f)
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Volume change details during the charge/discharge process. (g) In-situ XANES spectra at the
Fe K-edge of NFPP-E electrode (2D contour plot) as a function of charge-discharge curve. (h)
Charge process and (i) discharge process of typical Fe K-edge XANES spectra. The insets in
(h) and (i) are the corresponding pre-edge spectra.
In order to obtain a more comprehensive understanding of the structural superiority of
Na4Fe3(PO4)2(P2O7) material, both in-situ synchrotron-based X-ray diffraction patterns and
X-ray absorption spectra (XAS) were collected on the DESY beamline, Germany. The
wavelength was changed to 1.5406 Å (Cu Kα) for better comparison. Several peaks in the
initial states were indexed and identified, as shown in Figure 7.13a and b. It can be seen that
all the indexed peaks changed reversibly during the charge/discharge process with the general
patterns remaining unchanged, indicating that the robust framework of crystal can be well
maintained after electrochemical activation. Major peaks such as (200), (011), (210), and
(222) gradually moved to higher 2θ values during sodium insertion and returned to their
original values during sodium deinsertion, which can be attributed to the continuous lattice
volume variations during cycling. No asymmetric variations were observed, indicating that
there were no crystal distortions or cation migration during sodium de-/insertion. Therefore, it
can be deduced that a topotactic one-phase transition occurred in the Na4Fe3(PO4)2(P2O7)
electrode during cycling. We also obtained HRTEM images of the fully charged and fully
discharged NFPP-E electrode (Figure 7.13c and d). Lattice fringes of (200) and (202) are
clearly observed and identified, indicating the high structural crystallinity of the NFPP-E
material during all of the electrochemical reactions. The remaining Na+ ions in the crystal
structure (around 25 %) can be regarded as belonging to the binding pillars. In Figure 7.13e
and f, the cell parameters were calculated from selected peaks during the first cycle with
reversible lattice breathing. The corresponding volume change was calculated to be only 4.0 %
during the first charge process. Such a small volume change in the crystal structure
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guarantees the long-term cycling stability as-demonstrated. Furthermore, the valence state of
Fe in Na4Fe3(PO4)2(P2O7) during electrochemical reactions was evaluated using in-situ X-ray
absorption near edge structure (XANES) analysis, as shown in Figure 7.13g-i. To the best of
our knowledge, it is the first time to report the in-situ XAS variations of this
Na4Fe3(PO4)2(P2O7) material. We employed the FePO4 and LiFePO4 as the references for the
valences of Fe2+ and Fe3+, respectively. The 2D contour plot (Figure 7.13g) of normalized
XANES spectra clearly shows the reversible variation of the valence of Fe in the X-ray
Energy range around 7120 eV. Figure 7.13h also shows that the XANES spectrum shifted to
the right (higher energy area) during charging, indicating oxidation of iron from Fe2+ to Fe3+.
The spectrum of the fully charged state was very close to that of the FePO4 reference sample,
reflecting that most the iron in the crystal structure became Fe3+. The pre-edge of Fe K-edge
during charging also showed discernible variation (inset in Figure 7.13g), with the peak
shifted towards higher energy. Then, the XANES spectrum moved back to the lower energy
area during the discharge process (Figure 7.13i), and the corresponding pre-edge spectra
shifted accordingly (inset in Figure 7.13i). It should be pointed out that those spectra of both
the initial state and discharge state were almost the same, but with obvious discrepancy
compared to the LiFePO4 reference sample. This can be ascribed to the individual finger print
information on P2O7 and PO4 groups. Also the possibility of oxidation of the remaining Fe2+
in the crystal structure during cycling still cannot be neglected. On the basis of the in-situ
XRD and in-situ XANES analyses, we can confirm that both the robust reversible crystal
framework and the continuous valence change of Fe contributed to the excellent
electrochemical performance shown above.
In order to deeply understand the intrinsic properties of the crystal structure that is
responsible for the outstanding C-rate performance, both the BVS and DFT calculations were
employed to investigate the localized migration energy barriers. The BVS calculation is a
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well-established empirical tool for preliminary examination of ionic states and diffusion
pathways. Both the bond-valence map and the bond-valence electron voltage map are shown
in Figure 7.14.

Figure 7.14 (a) and (b) Bond-valence maps of the Na4Fe3(PO4)2P2O7 material from the [010]
and [001] directions, respectively. (c) and (d) Bond-valence electron voltage maps of
Na4Fe3(PO4)2P2O7 material from the [010] and [001] directions, respectively.
The isosurface value was set as 1 where the Na+ ions can be possibly found (Figure 7.14a and
b), and the isosurface near –3.5 eV shows the lowest initial energy regions indicating,
possible Na+ ions diffusion pathways (Figure 7.14c and d). The corresponding 2D slice
images reveal details about the lowest energy regions in various directions (Figure 7.15).
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Figure 7.15 2D slice images from different directions of the bond-valence electron voltage
map.
We found that along the a, b, and c axes, the lowest energy regions are well connected, which
means that this material possibly possesses more than one-dimensional Na+ ion diffusion
pathways. Therefore, we conducted a DFT study to further determine the details. We
discovered that all the Na+ ions in a single unit can be assigned to three different types based
on their individual binding energies. In Figure 7.16, various images of the crystal structure of
Na4Fe3(PO4)2(P2O7) material with three different types of Na+ ions are presented. It was
calculated that the diffusion energy barriers within the same Na+ ion type were 0.553 eV,
0.02 eV, and 0.365 eV for A to A type, B to B type, and C to C type, respectively, which are
all very low energy barriers for the transfer of Na+ ions (Figure 7.16b).
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Figure 7.16 Crystal structure, Na+ ions diffusion paths, different types of Na+ ions in a single
unit, and corresponding migration energy barriers. (a), (c), and (d) Various crystal structural
images of Na4Fe3(PO4)2(P2O7) material with three different types of Na+ ions. (b) The
migration energy barriers within the same Na+ ion group. (e) The migration energy barriers
between different Na+ ion groups (equivalent to three dimensional diffusion pathways).
In particular, it can be concluded that the most favourable diffusion tunnel in the first stage is
along the a direction, since almost no energy barriers (0.02 eV) were detected. Then, we
performed the calculations between different Na+ ions types, which are equivalent to three
dimensional diffusion pathways since both a, b, and c directions are involved. From Figure
7.16e, it can be seen that all the energy barriers for Na+ ions diffusion are lower than 0.9 eV,
which are all possible diffusion pathways in the presented crystal structure, providing solid
evidence for newly recognized NASICON-type structure with existence of 3D diffusion
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pathways or tunnels in this Na4Fe3(PO4)2(P2O7) material. The NASICON framework is
constructed with corner-shared MO6F6-x (M=Ti, V, etc.) octahedra and XO4 (X = P, S, Si, etc.)
tetrahedra. The XO4 tetrahedra keep the charge balance and acting the bipolar of MO6F6-x
octahedra, while the MO6F6-x octahedra can offer the main electrostatic repulsion that
accounts for the various Na+ de-/intercalations voltage platforms. The critical factor for a
NASICON-type structure is the arranged sodium sites and whether the 3D diffusion pathways
of Na+ can be achieved with relative low energy barriers. We also performed the ionic
conductivity test and it was found that the total conductivity in various temperatures obtained
from Na4Fe3(PO4)2(P2O7) material possess the same orders of magnitude compared with the
well-recognised NASICON-type Na3V2(PO4)3 electrode (Figure 7.17).306

Figure 7.17 Arrhenius plots of the ionic conductivity of both Na3V2(PO4)3 and
Na4Fe3(PO4)2P2O7 materials.
Both the BVS and DFT calculations reveal the intrinsic reasons for the outstanding high rate
performance of this material, which are completely comparable to those know NASICONtype materials mentioned above. Considering the long-term cycling stability and high-rate
capability, air stability, and all-climate performance of this low-cost mixed polyanionic
material, we believe that this new NACISON-type Na4Fe3(PO4)2(P2O7) material is a strong
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competitor among the various sodium hosts competing for real applications in large-scale
ESSs.

7.4 Conclusion
We have successfully synthesized tuneable nanosized Na4Fe3(PO4)2(P2O7) plates and
microporous Na4Fe3(PO4)2(P2O7) particles via a facile one-step sol-gel method with high
phase purity and uniform carbon coating. As cathode, excellent rate performances of 113.0
and 80.3 mAh g-1 at 0.05 C and 20 C were achieved, and impressive cycling stability was
obtained without noticeable voltage decay (69.1 % capacity retention after 4400 cycles at 20
C) with almost 100 % ICE achieved. The air stability and all-climate (–20℃ and 50 ℃)
performance were investigated and this material showed outstanding air stability and allclimate electrochemical properties (84.7 mAh g-1 at 0.2 C) at –20 ℃. A low-cost all-ironbased full cell was fabricated and characterized with a view towards real applications. Both
the in-situ XRD and in-situ XANES results revealed its excellent crystal reversibility and
structural stability during cycling. A GITT study showed high sodium diffusion coefficients,
and its NASICON-type structure and 3D diffusion pathways were further explored and
verified by both BVS and DFT calculations in detail with impressive low activation energy
barriers. Our studies suggest that this low-cost mixed polyanionic Na4Fe3(PO4)2(P2O7)
material is a strong competitor among various sodium hosts and should be received more
comprehensive investigation towards its real applications in large-scale energy storage
systems in the near further.
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Chapter 8 General Conclusions and Outlook
8.1 General conclusion
This doctoral work investigated some of the state-of-art positive electrode materials for both
LIBs and SIBs towards their real applications with lower cost, high voltage as well as high
energy density and long cycle life. Through the facile and potentially large-scale ball milling
method and sol-gel, co-precipitation method, both the high voltage LiCr0.2Ni0.4Mn0.4O4
positive electrode and Fe-based polyanionic positive materials were prepared. They all
showed excellent stability and good rate capability. Besides the outstanding electrochemical
performance, we also employed various advanced state-of-art techniques to determine the
mechanisms with deeper and better understandings. We believe our work can put forward a
big step for the real application of SIBs with lower cost and better performances, and also can
throw a light upon the discovery of novel electrodes in the near future.
We have adapted three available mass-production synthesis methods (spray pyrolysis, coprecipitation, sol-gel) to investigate the reasons for the different electrochemical properties in
the samples produced using them. The sample prepared via the sol-gel method showed
superior performance, with discharge capacity of ~140 mAh g-1 and satisfactory cycling
stability. All the as-obtained samples can be indexed to the Fd-3m space group by analyzing
the FT-IR and Raman data. With the help of the high-resolution X-ray beam in synchrotron
XRD, we found that the different phase compositions and the generated impurities, rather
than the particle distribution, are likely to be the main reasons for the detected
electrochemical variety. The amount of impurities has a great influence on charge transfer
resistance, cycling stability, and oxygen/lithium vacancies. The most appropriate synthesis
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method can lead to a better, more homogeneous precursor, which will play a critical role in
the mass production of this promising cathode material for high-power lithium ion batteries.
Uniform carbon coated Na3.32Fe2.34(P2O7)2/C material was successfully synthesized, and its
long cycling stability both for low and high rates have been well characterized. It can deliver
capacity of ~100 mAh g-1 at the first and second discharge at 0.1 C, and features capacity
retention of 92.3% at 0.5 C after 300 cycles. Even after 1100 cycles at 5 C, about 89.6% of
initial capacity was maintained. More importantly, almost 100% first cycle Coulombic
efficiency was achieved, which is quite critical for making full-cell SIBs. This pyrophosphate
composite can be regarded as a safe cathode material for SIBs. This study also highlights the
importance of the FEC additive in the electrolyte for long cycling stability. The fast Na
diffusion coefficient around 10-11 cm2 s-1 was confirmed via both cyclic voltammetry and the
GITT method, and the one-phase transition process was discovered. The contribution of
pseudocapacitance was detected, and it can help improve the high rate capability and durable
cyclability. Moreover, two 1D Na diffusion channels with relatively low activation energy
were identified via the DFT calculation, accompanied by a tiny lattice volume change of
approximately 2.19 % during the electrochemical cycling, which is also a key reason for the
superior cycling stability. We believe that this low-cost, high-stability pyrophosphate
composite Na3.32Fe2.34(P2O7)2/C material will be one of the most promising cathode
candidates for extensive applications in large-scale Na rechargeable batteries.
Carbon coated and GO wrapped Na2Fe2(SO4)3@C@GO material was successfully fabricated
via a simple freeze-drying procedure. The crystal structure was identified as belonging to the
space group C2/c without any impurities being detected. As cathode, it can deliver a
discharge capacity of 107.9 mAh g-1 at 0.1 C with capacity retention above 90 % at the
discharge rate of 0.2 C after 300 cycles. Nearly 100 % first cycle Coulombic efficiency was
achieved with a high energy density over 400 Wh kg-1, and only tiny decay of mid-range
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working voltage can be observed, which is quite important for maintaining energy density.
The fast Na+ ion diffusion coefficient was calculated to be around 10-12 to 10-10.8 cm2 s-1 via
the GITT method, accompanied by a single-phase transition process during charge and
discharge. The contribution of pseudocapacitance was also detected and calculated to be
27.90 % with respect to the total current. The variations of the lattice parameters as well as
the phase changes were detected via in-situ synchrotron powder diffraction, and very little
volume change was observed (1.82 % and 1.44 % for the first two cycles), which contributes
to the excellent cyclability of the electrochemical processes. Bond-valence (BV) calculations
also show that low dimensional motion of the Na should occur with very low energy barriers.
We believe that this high voltage, high-stability, high-rate-capability alluaudite-type
Na2Fe2(SO4)3@C@GO material would be a very competitive candidate for cathodes of nextgeneration SIBs towards extensive real applications.
We have successfully synthesized tuneable nanosized Na4Fe3(PO4)2P2O7 plates and
microporous Na4Fe3(PO4)2P2O7 particles via a facile one-step sol-gel method with high phase
purity and uniform carbon coating. As cathode, excellent rate performances of 113.0 and 80.3
mAh g-1 at 0.05 C and 20 C were achieved, and impressive cycling stability was obtained
without noticeable voltage decay (69.1 % capacity retention after 4400 cycles at 20 C) with
almost 100 % ICE achieved. The air stability and all-climate (–20℃ and 50 ℃) performance
were investigated and this material showed outstanding air stability and all-climate
electrochemical properties (84.7 mAh g-1 at 0.2 C) at –20 ℃. A low-cost all-iron-based full
cell was fabricated and characterized with a view towards real applications. Both the in-situ
XRD and in-situ XANES results revealed its excellent crystal reversibility and structural
stability during cycling. A GITT study showed high sodium diffusion coefficients, and its
NASICON-type structure and 3D diffusion pathways were further explored and verified by
both BVS and DFT calculations in detail with impressive low activation energy barriers. Our
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studies suggest that this low-cost mixed polyanionic Na4Fe3(PO4)2P2O7 material is a strong
competitor among various sodium hosts and should be received more comprehensive
investigation towards its real applications in large-scale energy storage systems in the near
further.

8.2 Outlook
The high-voltage positive electrodes are very promising candidates for higher energy LIBs
that can meet the increasing demands of real applications. Two main strategies can be
considered as the most effective way to improve the stability of these kinds of high-voltage
materials: (i) Improving the commercial EC-based electrolyte high-voltage tolerance; (ii)
sufficient surface protection for long-term cycling stability by forming robust passivation
interfaces. The latter one have dominated in the past decades; however, the former one still
needs a significant improvement in the established infrastructure in the battery industry.
The room–temperature SIBs have a similar ‘rocking–chair’ working principle to that of LIBs.
The merits of low cost, high energy efficiency, and low maintenance cost enable the SIBs to
be highly competitive with other kinds of sodium–based batteries such as Na/S and Na/NiCl2
batteries. What is more, the feasibility of using Al current collectors on both the positive and
the negative sides further lowers the production cost, since Cu current collectors are
necessary for the graphite anode in LIBs. Recently, an enormous amount of research papers
have been focused on the exploration of sodium storage mechanisms, morphology control,
structural designs, electrochemical performance improvement, etc., and many impressive and
encouraging works continuously stand out. The majority of these research outcomes are
uneconomic, however, with many kinds of toxic side reactions or by–products, and concerns
related to safety issues, stability and lifespan still exist. Taking account of the practical
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commercialization of SIBs, the non–toxic, earth-abundant elements shall first be considered
for assembling the full SIBs.
Iron is one of the rock-forming elements, extremely widely distributed in the earth’s crust,
and has been used for weapons since the dawn of human civilizations. It is also an essential
and critical element in human bodies because haemoglobin needs iron to store oxygen and
deliver oxygen from the lungs to the remote body parts. Iron products can be seen
everywhere in our daily life, and it is the cheapest transition metal without toxicity. More
importantly, numerous iron–based materials have been proved to be electrochemically active
hosts for both LIBs and SIBs. For instance, NaxTMO2 (TM = Fe, Mn, Ni, Co, etc.), many
sodium–iron/manganese phosphates/pyrophosphates, and even some sodium–iron/manganese
organic compounds have been carefully studied and have shown exciting electrochemical
performances. The participating of iron and/or manganese will definitely reduce the cathodes
manufactory expenditures of SIBs. Iron incorporated into layered structures can offer higher
operating potential by its activated Fe3+/Fe4+ redox couple. These unique characteristics of
iron-containing cathodes will surely boost the low-cost and long-life room-temperature SIBs
applications for large-scale energy storage devices.
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